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STATEMENT  OF  THE  PROBLEM 


A  study  of  chain  dynamics  in  the  solid  state  of  the  high  impact  rosi stent 
polycarbonate  of  bisphenol-A  and  structural  analogues  is  carried  our  using  nuclear 
magnetic  resonance  methods.  The  object  is  to  quantitatively  characterize  both 
the  structural  geometrv  and  t he  energetics  of  local  motions  occurring  in  these 
glassy  polymers.  It  is  the  belie!  that  on  1 v  through  a  detailed  knowledge  of  the 
solid  state  dynamics  can  one  establish  the  structural  origin  of  the  bulk  proper¬ 
ties  of  these  materials.  It  is  important  that  such  a  study  yield  a  direct 
connection  to  the  dynamical  mechanical  properties  which  form  the  basis  for 
characterization  of  high  impact  materials.  One  of  the  first  quantitative 
demonstrations  of  this  connection  is  noted  in  this  study. 

The  selection  of  NMR  to  probe  structure  and  dynamics  in  the  solid  state  is 

well  established  and  the  present  study  focuses  on  both  lineshape  and  relaxation 

Lime  analysis  using  both  carbon-13  and  deuterium  as  probes.  The  study  clearly 

reveals  the  strengths  and  weaknesses  of  the  various  NMR  approaches.  It  is 

demonstrated  that  an  extensive  data  base  is  desirable  in  order  to  provide 

convincing  conclusions.  It  is  important  that  the  structural  geometry  of  the 

motions  be  inferred  directly  and  lineshape  collapse  has  this  capability.  It  is 

also  essential  that  a  range  of  measurements  selectively  sensitive  to  different 

dynamical  rates  he  used.  A  combination  of  lineshape  collapse  and  relaxation  times 
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( T  and  I  1  offers  a  motional  probe  from  10  to  10  sec  .  Further,  the  use  of 
lip 

isotopic  labelling  of  specific  backbone  sites  on  the  polymer  is  shown  to  greatly 
facilitate  analysis  in  cases  where  the  dynamics  is  a  combination  of  more  than 
one  motional  process.  The  utility  of  relaxation  studies  of  polymer  dynamics  in 
solution  on  the  same  or  similar  molecular  systems  can  be  evaluated. 

It  was  also  a  goal  of  this  study  to  relate  the  specific  motions  observed  by 
NMR  to  more  traditional  relaxation  experiments  on  polymers  such  as  dielectric  and 
mechanical  response.  An  interpretation  incorporating  a  wide  variety  of  dynamic 
information  was  hoped  to  provide  insight  into  the  ultimate  bulk  property  of  impact 


resistance. 


(2)  SUMMARY  OF  MOST  IMPORTANT  RESULTS 


The  major  thrust  of  the  work  has  been  a  detailed  characterization  of  the 
local  chain  dynamics  in  the  polycarbonate  of  bisphenol-A.  This  has  been 
accomplished  with  the  determination  of  both  the  structural  details  of  the  motion, 
the  nature  of  the  energetics  and  the  relationship  of  the  motions  to  the  general 
dynamic  properties  which  characterize  the  material. 

Carbon-13  chemical  shift  anisotropy  ( CS A)  lineshape  analysis  on  enriched 

BPA  polycarbonates  has  definitively  characterized  the  geometry  of  the  phenylene 
group  motion  as  a  combination  of  it  flips  and  restricted  rotation.  The  it  flip  rate 


is  found  to  lie  on  a  relaxation  map  containing  the  T^  and  Tj  minima,  dielectric 


loss  maxima  and  dynamic  mechanical  loss  maxima.  This  broad  sampling  of  dynamics 
(over  eight  decades  in  rate)  yields  a  very  convincing  quantitative  picture.  Certain 
conclusions  are  immediately  apparent; 

1.  Activation  energies  obtained  assuming  a  single  exponential  correlation 
function  and  measurements  over  a  limited  rate  range  are  inaccurate  and  generally  low. 

2.  Activation  parameters  derived  using  a  relaxation  map  and  a  non-exponen t i a  1 
correlation  function  approach  yield  more  realisitc  values  for  motion  in  the  solid 
state. 


3.  A  fractional  exponential  correlation  function  quantitatively  incorporates 
all  of  the  data  including  die1  ctric  and  mechanical  relaxation.  This  implies  a 
complex  or  heterogeneous  rate  and  a  common  underlying  dynamic  process  responsible 
for  all  the  relaxation  phenomena. 

A  structural  model  has  been  proposed  to  account  for  all  the  observed  relaxa¬ 
tion  phenomena  and  to  provide  a  connect  ion  to  the  observation  of  high  impact 
resistance.  It  consists  of  a  cis/trans  to  truns/trans  carbonate  conformational 
interchange  leading  to  a  correlated  backbone  motion  which  is  coupled  to  the  local 
phenvlene  n  flip.  This  motion  is  diffusional  in  character  thus  providing  a 
mechanism  for  the  rapid  release  of  stress  over  macroscopic  distances.  The 
fractional  exponent  (q  =  .18)  used  in  t  lie  correlation  function  quantifies  the 


3. 


complex  character  of  the  rate  process  and  indicates  motional  timescales  extending 
over  five  decades.  This  type  of  behavior  is  undoubtedly  common  for  solid  state 
kinetics  in  macromo 1  ecu  1 ar  svslems.  It  can  be  interpreted  as  arising  from  a  distri¬ 
bution  of  rates  throughout  the  material  (the  inhomogeneous  case)  or  from  an  inherent 
nonexponential  character  in  a  single  rate  process,  possibly  arising  from  the 
cooperative  nature  of  the  dynamics  ithe  homogeneous  case). 

A  model  has  also  been  devised  (The  Simultaneous  Model)  for  the  treatment  of 
multi-site  exchange  processes  involving  the  collapse  of  solid  NMR  lineshapes.  The 
method  is  applicable  to  both  CSA  and  Quadrupolar  lineshape  collapse,  and  is  easily 
computer i zed  for  cases  involving  more  than  one  kinetic  process  simultaneously 
contributing  to  line  narrowing.  The  model  introduces  a  distributional  character 
to  conformational  interchanges  which  is  physically  desirable. 

In  addition,  polycarbonate  and  polyformal  polymer  in  solution  have  been 
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investigated  using  both  C  and  H  as  NMR  probes,  the  detailed  local  chain  dynamics 
can  again  be  characterized  using  correlation  function  approaches  based  on  models 
for  both  segmental  and  local  conformational  events.  The  results  can  be  compared 
with  the  information  obtained  from  solid  state  analysis  and  activation  energies 
compare  favorably  with  those  obtained  from  the  fractional  correlation  function 
analysis  for  the  microscopic  intramolecular  process  in  the  absence  of  coupling  to 
the  glass.  In  many  instances  it  is  clear  that  knowledge  previously  derived  from 
dynamic  studies  in  dissolved  polymers  forms  a  basis  for  the  simulations  used  to 
analyze  the  solid  state  spectra. 

The  full  details  of  these  remarks  are  contained  in  the  appendix  which  is 
a  compilation  of  the  publications  resulting  from  the  project. 
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described  in  two  wavs.  The  first  rt;-t  ion  is  derived  iron  the 

i  ■  t  ion  of  .1  three  bon, I  i  ii  Tip  on  a  ■  t  r  a  h  •  ■  i  r  1 1  lattice  (j_)  and  the 
s, la  developed  t  r  on:  eons  idi  rat  ton  ol  computer  a  i  : !  a  f  i  oils  of 
b  i  e  k  bone  transitions  in  po  1  yet  iiy  1  one  chains  i  H) .  An  i  s  u  r^p  i  e  ro¬ 
tation  van  also  he  eiia  ra ,  t  or  i  red  111  several  ways.  It  mi  be  de- 
,  ■  r  i  bed  as  jumps  between  two  minima  (J_I_) ,  jumps  between  t  hr.  e  min¬ 
ima  (Id)  or  stochastic  dittos  ion  (id). 

Tn  the  three  bond  jump  nodi  1  tor  segmental  motion  there  are 
two  parameters.  The  time  scale  is  set  by  the  harm.nir  iveiai;e 
■or  re l a  t  ion  time,  th  and  the  eifective  distribution  ot  correlation 
times  is  set  by  the  number  of  coupled  bonds  tn.  The  sharp  cut  off 
,f  coupling  solution  of  the  three  bond  jump  model  is  employed 
here.  The  composite  spectral  density  tor  internal  rotation  by 
■  amps  or  stochastic  dii  fusion  plus  serment.il  motion  by  three  bond 
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in  the  form  of  nonlinear  behavior  when  the  return  of  the  magne- 
t  iz.it  ion  was  plotted  in  the  standard  from  ln(Aa>-A,  )  versus  t  .  The 
presence  of  c ross-re 1 ax.U  i on  in  the  proton  data  was  further  check¬ 
ed  hy  comparing  the  phenyl  proton  Tj  in  the  partially  deuterated 
analogue  with  the  phenyl  Tj  in  the  fully  protonated  polymer.  The 
phenyl  proton  T|  is  about  Hi!  longer  in  the  deuterated  polvmer  in¬ 
dicating  a  small  amount  ol  cross-relaxation  though  the  10'  change 
is  essentially  the  same  as  the  experimental  uncertainty.  A  10% 
uncertainty  is  placed  on  all  T|  values,  reflecting  error  contribu¬ 
tions  from  concentration,  temperature  and  pulse  widths  as  well  as 
random  fluctuations  in  intensity.  Table  I  contains  proton  and 
carbon-13  Tj’s  as  a  function  of  temperature  and  l.armor  frequency. 

I nt  e  rpre t  a t i on 


The  standard  relationships  between  Tj’s  and  spectral  densities  J's 
are  employed.  For  carbon-13,  the  expressions  are  (4) 

1/T[  =  Wq  +  2Wj  £  +  Wo 


w0  =  Frc‘f  H'ta-.Ij  (o.,))/20rj6 

j  (la) 

W1C  “  '  ^ 1  h*  h“  ./|  (n.c  )/4;)rj 

j 

Wo  -  ■  3  f  c*^3r  H“h“0  >(>  >) '  1  Ur  j  ^ 

j 


“■0  =  U'H  "  “C  "2  =  “-H  +  “-C 
and  for  protons  it  is 

1  / T j  =  T(9/8)y4hrj-^|(2/13)JJ(a.H)  *  (8/ 1  5)J2( 2uH)  ]  (lb) 

j 

The  intermit lear  distances  employed  are  1.095  «  for  the  phenyl  C-H 
distance,  1.125  A  for  the  formal  C-H  distance,  2.4  A  fop  the  2-3 
phenyl  proton  distance,  and  1.75  A  for  the  formal  proton  -  proton 
distance.  The  2-3  phenyl  proton  distance  used  here  is  comparable 
to  the  distance  of  2.41  ’  used  in  the  polycarbonate  interpreta¬ 
tions.  The  choice  of  2.4  A  is  based  on  the  phenyl  proton  T]  mini¬ 
mum  and  the  slightly  smaller  value  is  confirmed  by  a  larger  Fake 
doublet  splitting  observ'd  in  the  solid  state  spectrum  of  the 
phenyl  protons  in  the  partially  deuterated  analogue  (10). 

Expressions  for  the  spectral  density  can  be  developed  from 
models  for  local  motion  in  randomly  coiled  chains.  Two  general 
types  of  local  motion  will  he  considered,  and  they  aie  segmental 
motion  and  anisotropic  rotation.  Segmental  motion  itself  will  be 
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Spin  relaxation  in  -i  i  1  u  1 1-  solution  has  been  employed  to  charac¬ 
terize  local  chain  notion  in  several  polymers  with  arum.it  if  back- 
hone  units.  The  two  pener.il  tvpes  examined  so  far  are  polvphen- 
yl  one  oxides  (]-_*)  and  aromatic  pol  yc  arbenates  (  *-b ) ;  and  these 
two  types  are  the  most  common  high  impact  resistant  engineering 
plastics.  The  polvmer  considered  in  this  report  is  an  aromatic 
polyfurmal  (see  Figure  1)  where  the  aromatic  unit  is  identical  to 
that  of  one  of  the  polycarbonates.  This  polymer  has  a  similar  dy¬ 
namic  mechanical  spectrum  to  the  impact  resistant  polycarbo¬ 
nates  ( o )  and  is  therefore  an  interesting  system  tor  comparison  of 
chain  dynamics. 

In  addition,  the  formal  unit  itself  offers  a  new  opportunity 
for  monitoring  chain  motion  relative  to  the  polycarbonates  since 
the  carbonate  unit  contains  no  protons.  The  spin-lattice  relaxa¬ 
tion  times,  Tj's  of  all  protons  and  all  carbons  with  directly 
bonded  protons  are  reported  for  the  poly-formal.  Also  the  carbon 
and  proton  Tj's  are  measured  at  two  different  l.armor  frequencies 
to  expand  the  frequency  range  covered  by  the  study. 

In  addition  to  determining  the  time  scales  for  several  local 
motions  in  polytormal,  two  different  interpretat ional  models  for 
segmental  motion  will  be  employed.  An  older  model  by  Jones  and 
Stnckmayer  (7),  based  on  the  action  of  a  three  bond  jump  on  a 
tetrahedral  lattice  is  compared  with  a  a  «•  model  by  Weber  and  Hel- 
fand  (8) ,  based  on  computer  simulations  or  polyethylene  type 
chains.  These  two  models  tor  segmental  motion  have  been  compared 
before  (j>)  for  two  polycarbonates  but  somewhat  different  results 
are  seen  in  the  poly-formal  interpretation. 

Kxpe r  i merit  a  1 


High  molecular  weight  samples  of  the  poly  formal  were  kindly  sup¬ 
plied  by  General  Electric.  The  structure  ot  the  repeat  unit  is 
shown  in  Figure  1  as  well  as  the  structure  of  a  partially  deuter- 
ated  form  which  was  synthesized  (4)  to  reduce  proton  cross¬ 
relaxation.  A  111  weight  percent  solution  of  the  polymer  in  deu- 
terated  t  e  t  r  ach  lo  roe  t  tiane  was  prepared  in  an  MMK  tube,  subjected 
to  five  freeze,  pump,  thaw  cycles  and  sealed. 

Spin  lattice  relaxation  measurements  were  conducted  on  two 
spectrometers  with  a  xt  mdard  n  — ;  —  J  pulse  sequence.  The  3ri  and 
lH  MM.-  proton  measurements  as  well  as  the  JJ.n  MM .r  carbon-13  meas¬ 
urements  wt  re  made  on  a  Broker  SX I’  d ■  —  1  >o.  The  J3  i  MHz  proton  and 
hj.9  c  arbon-1  l  measurements  were  made  on  a  broker  WM-J  i.l. 

Fes. i )  t  s 


bp  in  lattice  relax  it  ion  times  are  calcul  at  ed  from  the  return  of 
the  magnet  i/at  ion  to  equilibrium  using  a  linear  and  non-linear 
leist  squares  analysis  of  the  dita.  The  two  analyses  vieid  Tj 
values  within  In£  of  each  other  nui  averigc  values  are  reported. 

V>  eviden.e  of  cross-rel  ixaf  ion  or  cross-correlation  Were  observed 


Spin  Relaxation  and  Local  Motion  in  a  Dissolved 
Aromatic  Polvformal 
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Carbon-1')  and  proton  spin-lattice  relaxation  times  .are 
reported  tor  10  wt"l  solutions  of  a  dissolved  aromatic 
pol yf oraia  1 .  The  relaxation  times  tor  both  nuclei  were 
determined  at  two  Larrnor  frequencies  and  as  a  function 
of  temperature  from  0  to  1_’()°C.  These  relaxation 
times  are  interpreted  in  terms  of  segmental  motion  and 
anisotropic  internal  rotation.  So, .mental  correlation 
functions  by  both  Jones  and  Stockmaver,  and  Weber  and 
Holland  were  used  to  interpret  the  data.  Internal  ro- 
t  it  ion  is  described  by  the  usual  W'essner  approach, 
and  restricted  rotati  >nal  'illusion,  hv  the  oronski 
appro  ich.  Both  sev’,men(al  correl.it  ion  lunations  lead 
t>.  sim.il  ir  results;  hat,  relative  t  .  the  analogous 
P>1  ycarhonat  e  ,  single  bond  c  -nf, irm.it  ional  transitions 
are  more  l  requent  in  the  pol  y (  or::  1 1  .  The  phenyl 
i (roups  in  the  backbone  undergo  segmental  rearrange¬ 
ments  and  internal  anisotrepic  rotation  at  comparable 
rates.  Motion  in  the  formal  linK.iv.e  is  described  bv 
the  s  lme  segmental  correlation  times  plus  restricted 
rotational  diffusion  about  an  axis  between  the  oxvgens 
of  the  formal  group.  The  interpretation  at  the  tormal 
link  based  on  restricted  rotational  diffusion  is  dis¬ 
cussed  in  terms  of  the  confonn.it  ions  likely  in  the 
link  which  are  commonly  referred  t  •  as  the  anomeric 
effect.  The  choice  of  the  axis  of  restricted  rotation 
in  the  formal  unit  is  .inly  an  approximation  of  the  re¬ 
sult  of  anisotropic  .ingle  bond  com  orm  it  i  mini  transi¬ 
tions  occurring  within  that  unit. 
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Table  I 
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ormal  Proton 
T; ( m a  ) 

/oim  1/sim  2 


335/  316  / 217 
282/270/215 
255/274/237 


311/345/345 


yo  V.Hz 


129/118/102 
1J  i/13  3/11 3 
173/151/141 


267/292/276  198/150/183 


2  53/235/235 


"arm a  3  Carbni 
Tj (mu  ) 

xp/sim  1/sim  2 


b  2 . 9  MH 


81/79/77 
91/93/04 
101/116/109 
134/142/143 
188/181/18  L 


22.8  m:iz 


36/34/40 
52/54/57 
82/81/80 
123/111/1 L  5 
193/147/147 
328 
366 


^a^The  90  MHz  phenyl  proton  data  were  taken  on  a  sample  in 

which  the  formal  protons  were  replaced  by  deuterons.  As  of 
the  date  of  this  preprint,  30  MHz  data  has  not  been  taken 
on  the  partially  :te  iterated  form. 

1  b>Sim  1  is  the  simulation  allowir.j  for  only  restricted  aniso¬ 
tropic  rotation.,'!  dit  fusion  abut  tin1  oxyjen-oxy<jeu  jxr,. 
Sim  2  is  the  s.  i.r,  i !  at  ion  aJ  lowing  lor  compl  c  *  o  anisotropic 
rotational  diffusion  about  the  oxy.je'n-oxy'jvn  axis. 


Table  II:  Simulation  Pamncters  toi.  ’ s  in  Table  I 


I  Phenyl 
Sc  j-  I  Group 

mental  | Rotation 


Formal  Group  Rotation 


T 

!  Th 

(  °C) 

1  ( ns  > 

— ‘o~ 
,0  1 

"173  4" 

0.70 

si  a)  1 

Sir 

n  2 

Tirf  (ns)j 

Ar.g  le  Per  j 

Dirxl0-IC(s 

Full  ! 

Res i  noted  ] 

Restricted 

Rota  t ion 

Rotation 

Rotation 

0.082 


Thus  in  a  chain  ot  OCH2  units,  polyoxyme thyl ene ,  it  would  not  be 
possible  to  separate  segments.),  motion  from  restricted  aniso¬ 
tropic  rotation  in  the  same  way.  Even  the  attempt  made  here 
rests  on  a  limited  data  base  and  crude  models  though  the  data 
base  is  fairly  extensive  by  current  standards  as  is  the  sophis¬ 
tication  of  the  models. 
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Table  I:  Experimental  and  Simulated  ?]_ ' s  for  the  Polyforn.al 
as  a  10  Weight  Percent  Solution  in 


i 

T 

ro 

Phenyl  Proton  ^ 11  ) 

Tj  ( ms  ) 
exp  ''s  im 

Phenyl  Carbon^3 

T^  (ms ) 
exp/s im 

9  0  MHz 

30  MHz 

62.9  KHz 

22.6  MHz 

i 

o 

548/540 

153/167 

1 37/132 

72/79 

20 

499/506 

189/189 

174/160 

106/109 

40 

5  2  2/509 

274/274 

221/206 

145/158 

60 

623  /592 

4  12/4  3  2 

329/350 

349/316 

30 

794/784 

55  3/59  1 

448/445 

448/405 

100 

1168/1102 

763/771 

633/655 

679/613 

i 


120 


141J/1396 


939/949 


7b 1/8 14 


727/758 


seems  trivial  .since  NT^  for  the  formal  carbon  is  the  .same  as  NT^ 
for  the  protonated  phenyl  carbon.  Howo"cr  the  phenyl  carbon 
Ti's  are  interpreted  both  in  terms  of  a  segmental  motion  and  a 
pnenyl  group  rotation.  Thus  the  formal  group  must  enjoy  addi¬ 
tional  motions  beyond  those  characterized  as  segmental  motions 
based  on  the  phenyl  proton  relaxation. 

Several  motions  were  modelled  to  try  to  account  for  proton 
and  carbon-13  at  the  formal  position.  First  we  assumed  that 
whatever  segmental  motions  occurred  at  the  large  phenyl  groups 
also  involved  the  formal  group.  No  physically  relevant  model 
was  chosen  here,  but  only  the  i  ns  it  ion  that  the  segmental 
motions  involving  the*  phenyl  groups  would  also  involve  lie.  for¬ 
mal  group. 

To  account  for  the  observed  T^'u  some  additional  motion 
must  occur.  First  anisotropic  rotation  about  the  OC  bond  in  the 
OCH20  unit  was  considered  but  this  did  not  account  for  the  ob¬ 
served  data.  The  second  approach  was  to  allow  anisotropic  rota¬ 
tion  or  restricted  anisotropic  rotation  abouc  the  OO  axis  in  the 
OCH2O  unit.  The  restricted  rotation  accounts  for  the  data  from 
0°  to  60°  better  than  complete  rotation  although  a  fairly  large 
angle'  for  restricted  diffusion  results.  At  80°,  the  best  simu¬ 
lation  of  that  is  achieved  when  complete  anisotropic  rotation 
about  the  00  axis  is  allowed.  The  Gronski  approach^-?  is  used 
to  describe  restricted  rotation  though  other  models  could  he 
considered.  In  Table  II,  the  column  labeled  5 i in  1  refers  to  re¬ 
stricted  anisotropic  rotation  and  sir,  2  refers  to  complete  an¬ 
isotropic  rotation  via  stochastic  suffusion.  Note  again,  at  80° 
tne  optima  a  anjlo  of  restriction  is  3'30°  which  corresponds  to 
complete  anisotropic  rotation.  The  diffusion  constant  for  the 
restricted  case  is  D^r  and  the  correlation  time  for  the  complete 
rot a t i o a  ca s 0  is  t , - c . 

1  L  L 

Above  80"C,  no  interpretation  of  the  formal  relaxation  was 
pjrsued  since  the  extreme  narrowing  limit  is  nearly  achieved. 
Better  measa re  tent s  over  a  wider  frequency  ranyc  will  be  made 
before  this  aspect  is  completed. 

C  an  1  u s  ions 

The  description  of  motion  developed  on  the  basis  of  the 
spin  relaxation  for  the  phenyl  group  is  similar  to  the  earlier 
studies  of  polycarbonates.^  Phenyl  ulcup  rotation  is  slower  in 
the  formal  relative  to  the  analogous  polycarbonate.  This  dif¬ 
ference  in  phenyl  group  rotation  is  also  seen  in  the  solid 
carbon-13  magic  angle  sample  spinning  spectra  which  show  a  dou¬ 
blet  in  the  polyforinal  and  a  singlet  in  the  polycarbonate  for 
the  protonated  phenyl  carbon  at  room  temperature.  No  evidence 
for  restricted  phenyl  group  rotation  is  observed  in  solution. 

The  formal  group  is  best  interpreted  thus  far  by  segmental 
motion  plus  anisotropic  restricted  rotational  diffusion  about 
the  00  axis  of  the  OCH-yl  unit.  The  angle  over  which  restricted 
diffusion  occurs  increases  with  temperature  while  the  diffusion 
constant  remains  relatively  constant.  The  presence  of  a  re¬ 
stricted  rotation  in  a  chain  backbone  is  an  interesting  phenome¬ 
non  if  the  data  and  model  1  i ng  are  to  be  believed.  Without  the 
presence  of  an  in  ter nuclear  interaction  parallel  to  the  chain 
backbone  provided  by  the  phenyl  proton  g  the  distinction  between 
segmental  motion  yielding  overall  isotropic  relaxation  and  some 
sort  of  p  ial  anisotropic  ictati  m  could  rut  have  been  made. 


to  remove  cross  relaxation  between  the  phenyl  protons  and  the 
formal  protons.  By  comparison  to  the  polycarbonates  studied 
earlier,  the  replacement  of  the  carbonate  unit  by  the  formal 
unit,  gives  more  positions  for  NMk  relaxation  study.  The  addi¬ 
tional  data  gained  from  the  formal  protons  and  formal  carbon  are 
the  basis  for  some  new  insights  into  chain  dynamics. 

Experimental  Results 

High  molecular  weight  polyformal  of  1 , i-dichloro-2 , 2  bis(4- 
hydroxy  phenyl ) ethylene  was  used  to  prepare  10  weight  percent 
solutions  of  polymer  in  C',D^C1_  .  This  polymer  was  kindly  sup¬ 
plied  by  General  Electric,  Research  and  Development  Center. 
Carbor.-ld  spin-lattice  relaxation  times,  Tg  1  s  were  measured  at 
22.6  MHz  in  n  Druker  GXP  20-100  anl  at  62.9  MHz  in  a  Bruker  WM 
290.  Only  values  for  protonated  carbons  are  reported  in  Table 
I ,  and  the  two  protonated  phenyl  carbons  have  the  same  Tp  which 
.is  reported.  Proton  Tg  '  s  were  measured  at  30  and  90  MHz  in  the 
SXP;  and  at  ?“0  MHz,  in  the  WM  250.  Measurements  were  made  as  a 
function  of  temperature  over  the  range  of  0  to  120°C  and  all  re¬ 
sults  are  included  in  Table  I. 

I  rit  or  pro  La  t  ion 


A  preliminary  scan  of  the  data  in  Table  I  shows  that,  from  0 
to  30°C,  the  extreme  narrowing  limit  is  not  achieved.  Above 
30CC,  the  extreme  narrowing  limit  is  approximately  in  effect 
which  results  in  less  information  content  at  the  higher  tempera- 
tire.  The  NT g  rule  is  also  nearly  valid  when  comparing  the  phe¬ 
nyl  carbon  data  (N=l)  with  the  formal  carbon  data  (n=2). 

The  phenyl  proton  and  carbon-13  data  are  interpreted  in  the 
came  manner  as  reported  for  the  studies  of  polycarbonates . ^  The 
phenyl  group  is  considered  to  undergo  two  general  types  of  mo¬ 
tion:  segmental  rearrangements  and  phenyl  group  rotation.  Seg¬ 

mental  motion  resulting  Iron  changes  >n  the  direction  of  the 
units  composing  the  backbone  is  assumed  to  follow  a  correlation 
function  of  the  form  developed  by  considering  3  bond  jumps  on  a 
tetrahedral  Lattice  wit!,  a  sharp  cutoff  of  coupling.  Phenyl 
group  rotation  is  described  by  stochastic  diffusion  about  the 
C  |  V.  r  J  X  i  s  • 


To  ciicir notorize  segmental  motion  the  phenyl  proton  data  are 
cons  idc  red  L  i  rst .  In  the  partially  dcuterated  fo**m ,  the  phenyl 
protons  relax  by  a  dip  a  1 e -d ipo l>  •  interaction  between  the  2  and  3 
phenyl  p  r  o  Lone/  pa  rail  o  1  to  the  C.C4  axis.  Therefore,  phenyl 
proton  relaxation  results  only  from  segment,, 1  motion  and  is  un¬ 
affected  by  the  presence  or  absence  of  phenyl  group  rotation. 
Phenyl  group  rotation  can  be  detected  in  the  phenyl  carbon  data 
by  checkin]  for  a  change  in  relaxation  from  that  predicted  by 
the  description  of  segmental  motion  developed  from  the  proton 
data.1’  in  the  polyformal,  there  is  evidence  for  moderately  fac¬ 
ile  phenyl  group  rotation.  Correlation  times  t  j,  for  segmental 
motion  and  correlation  times  for  phenyl  group  rotation  igro  ate 
shown  in  Table  II.  However,  relative  to  similar  polycaroohates , 
phenyl  group  rotation  is  2  to  5  Limes  slower. 

If  motion  at  the  forma,  group  is  now  considered,  some  in¬ 
teresting  new  aspects  arise.  It  should  be  remembered ,  that 
there  are  no  comparable  data  in  the  polycarbonates  since  there 
are  no  photons  or  carbons  with  directlv  bonded  protons  in  the 
carbonate  nkage.  At  first  glance,  the  formal  group  motion 
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I n trod net  ion 

The  introduction  of  commercial  instruments  for  solution 
carbon-13  NMR  over  a  decade  age  spurred  many  studies  of  chain 
dynamics  in  dissolved  inarcomolecu lo.-i ..  The  power  of  NMR  as  a 
technique  for  probing  motion  lies  within  its  ability  to  monitor 
several  positions  within  a  repeat  unit.  This  allows  for  dis¬ 
tinguishing  several  types  of  local  motion  based  on  the  repeat 
unit  geometry  and  the  position  of  the  earbon-13  nuclei  being 
probed.-*-  The  limitation  of  NMR  as  a  probe  of  dynamics  followed 
from  the  restricted  frequency  range  usually  studied.---*  Most 
N MR  studies  were  based  on  data  at  one  or  two  frequencies  while, 
for  example,  dielectric  relaxation  measurements  are  made  over  at 
least  a  decade  or  two  of  frequency.4  in  NMR,  the-  lack  of  dynam¬ 
ic  information  over  a  reasonable  frequency  range  has  prevented 
fie  development  of  quantitative  distinctions  between  various 
models  Cor  chain  motion. 


The  availability  of  superconducting  spectrometers  at  ever 
increasing  1  i'?i  i  strengths  offers  at  least  some  hope  of  overcom¬ 
ing  the  limited  frequency  range  of  most  NMR  studies.  These 
s  nperconduct  i  nq  me  isuro  iionts  would  have  to  be  combined  with  low 
field,  conventional  magnet  measure  nents; J  and  the  simultaneous 
determination,  of  proton  ami  c  u-'oon-l  3  relaxation  also  extends 
the  frequency  ranqe  under  com:  i.ierat  iori. 0  The  addition  of  pro¬ 
ton  measurements  also  mcreas*  >  the  number  of  positions  being 
probed  within  the  repeat  unit  of  the  polymer  chain. 


With  t h - ’  preceding  idea®  in  mini,  studies  of  dissolved 
poi /carbonates  have  been  underway  for  several  years. ^  Here,  the 
results  on  an  aromatic  poly fot  aul ,  a  structural  analog  of  the 
p  j  !y  aarbonates ,  is  presented.  Tr.v  polymer  under  consideration 
is  the  nolyf  omul  of  1 , 1-dioh  loro-2 , 2  bis  (4-hydroxy  phenyl) 
ethylene  with  tne  repeat  unit  structur*- : 


H 


o  c  —  o  — 


To  obtain  even  better  proum  r-  ■  1  a  x  i  •  i  >n  du  •  * ,  a  partially  dej- 
terafed  analog  was  prepared: 
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NK  Muster,  K.  \\  .  H\  rues,  and  *1.  ('ampin  !!  t»*r  >\ n! heMs 
of  tin*  carbon- Id  labeled  monomer  and  po!\  mer  The  re 
search  w,b  carried  out  with  financial  support  ot  tin*  I  S. 
Arnn  Research  Office  Mirant  UAA(«  -nun  1 1  and 

the  National  Science  Foundation  Mirants  I)MK*7!Jnh77, 
CHK  77  OiioAK.  and  DMR-SlBMiTKL 

Reifistrv  No  Bisphenol  A  pohcarUinate.  ,24ild»>-(:..'v.L  carbonic 
acid  bisphenol  A  copolymer,  250.17 -WU. 
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Figure  1.  'V  rhemiral  shift  anisotropy  (CSAi  line  shapes:  i  A)  low -tem|)ernture  (lata  hiiH  simulation  based  on  powder  pattern  function;10 
1B1  high-temperature  data  and  simulation  based  on  powder  pattern  function/  ">  hit’h  temperature  data  and  simulation  based  on 
w  flips  aliout  the  C',C4  axis,  (Dl  high-temperature  dHla  and  simulation  based  on  restricted  rotation  about  the  C,C»  axis  over  a  60°  range; 
(K)  high  temperature  data  and  simulation  bused  on  restricted  rotation  about  the  (  ,(  4  axis  over  a  1  JO0  range;  (f  I  high-temperature 
data  and  simulation  based  on  restricted  rotation  over  a  1N0°  range  about  an  axis  inclined  at  70°  to  C,C4  (parallel  to  the  O  CO  bond 
axis);  (Ci  l  high- temperature  data  and  simulation  based  on  flips  between  o  and  11'“  about  the  C,C4  axis,  (Hi  high -temperature  data 
and  simultaion  based  on  C,C,  axis  r  flips  plus  restricted  rotation  over  a  t!0°  range.  The  points  rep-esent  experimental  data  and  the 
line  the  theoretical  simulations. 
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Figure  2.  ‘H  dipolar  line  shapes  of  BBA -<f,  in  perdrutrru*-  BI’A 
The  points  represent  experimental  data  and  the  line  the  theo¬ 
retical  simulations  in  the  high  temperature  limit  simulation 


by  70°  from  the  (^C*  axis.  This  motion  would  collapse  the 
Fake  splitting  in  the  proton  spectrum  by  507c  rather  than 
the  107,  or  less  observed. 

The  CSA  line  shape  itself  ruled  out  restricted  rotation 
about  the  axis,  hut  two  remaining  possibilities  con¬ 
sistent  with  both  the  carbon  and  proton  data  are  rr  flips 
plus  restn  ted  rotation  and  flips  between  0  and  140°.  The 
first  motion  seems  physically  plausible;  while  the  second 
is  unexpected,  it  is  not  inconceivable.  In  any  case,  these 
line  shapes  are  consistent  with  the  presence  of  ir  flips  if 
considerable  restricted  rotation  is  also  present.  This  in¬ 
terpretation  is  m  excellent  agreement  with  the  model 
presented  by  Spie-s*  based  on  deuterium  line  shape 
measurements  it  should  he  noted  that  t his  ant hor  sug¬ 
gested  1  hat  the  amplitudes  of  the  rest ri<  ted  rotations  are 
not  ulentii  il  for  different  phenx  I  groups,  and  this  could 
be  responsible  for  the  minor  dis(  rcp.tni  les  present  in  the 

simulations 
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Solid-State  Carbon  and  Proton  l  ine  Shapes  for 
the  Characterization  of  Phenylene  Croup  Motion 
in  Polycarbonates 

The  line  shapes  obtained  from  proton,  carbon,  and 
deuterium  magnetic  resonance  have  been  used  to  charac¬ 
terize  the  geometry  of  motions  in  solid  polymers,  including 
polycarbonates.1  "  In  polycarbonates,  much  attention  has 
focused  on  the  motion  of  the  phemlciie  group:  the  first 
report  of  proton  line  shape  data  relevant  to  phenylene 
group  motion1  pointed  to  some  form  ot  rotation  or  re¬ 
stricted  rotation  about  the  C.C4  axis  as  the  largest  am¬ 
plitude,  highest  frequency  phenylene  group  motion. 
However,  the  proton  data  are  completely  insensitive  to  the 
amplitude  of  the  rotation  and  whether  it  proceeds  by  small 
steps  or  large-amplitude  flips. 

Variable-temperature  carbon-la  magic  angle  sample 
spinning  spectra  on  a  related  polymer’  are  also  unable 
to  define  the  latter  aspects  of  the  pheylene  group  motion 
though  Carroway  et  al.  modeled  the  motion  as  -  flips  aUait 
the  C|C4  axis.  Deuterium  line  shapes  are  considerably 
more  sensitive  to  the  nature  of  the  motion,  and  Spiess4 
concluded  that  the  rotation  took  place  primarily  as  z  flips 
about  the  C,C4  axis.  Carbon  proton  dipolar  rotational 
spin-echo  line  shape  experiments  bv  Schaefer  could  also 
he  explained  by  ir  flips  or  alternatively  bv  rotational  dif¬ 
fusion  restricted  to  an  angular  range  of  about  oi'°. 
Schaefer"  noted  that  theoretical  simulations  in  the  high- 
temperature  limit  of  rieterium  or  dipolar  line  shapes  lor 
z  flips  are  rather  similar  to  certain  choices  ot  restricted 
angular  diffusion  and  therefore  difficult  to  distinguish  ( )n 
the  other  hand,  a  significant  difference  is  predicted  in  the 
chemical  shift  anisotropy  tensor  for  the  two  motions,  and 
this  allowed  Schaefer  to  substantiate  the  presence  of  jr 
flips  for  some  phenyl  groups  in  polystyrene  as  originally 
reported  hv  Spiess4  based  on  deuterium  data. 

In  this  communication,  we  report  the  chemical  shift 
anisotropy  tCSAi  line  shape  for  a  phenyl  carbon  m  poly- 
carbonate  in  the  low -temperature  limit  at  lf>(>  °C  and  in 
the  high-temperature  limit  which  persists  over  a  range  of 
about  100  °C  below  Tf.  These  spectra,  shown  m  Figure 
!,  were  obtained  on  a  carbon-1.1  labeled  polycarbonate  of 
hispheno!  A  where  !turr  of  one  ot  the  two  carbons  in  the 
phenvlene  group  ortho  to  the  carbonate  are  iso  topically 
enriched.  Hither  a  simple  z  J  pulse  or  cross  polarization 

*  • 
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lollowed  by  proton  dipolar  decoupling  was  found  to  vield 
adequate  CSA  spe-  Ira  below  7’g  At  low  temperatures,  the 
( 'S.A  spectrum  is  <i i im  t Iv  asymmetric,  w  Inch  all. .ws  for 
a  more  definitive  characterization  of  dynamics  than  either 
deuterium  or  dipolar  line  shapes,  which  are  essentially 
axially  symmetric  Indeed  as  shown  in  Figure  I.  the  at¬ 
tempts  to  simulate  the  high  temperature  limit  whic  h  is 
nearly  axially  symmetric,  clearly  distinguishes  F.  tween 
fairly  large  amplitude  restricted  rotational  diffusion  md 
z  flips  The  simulations  utilize  the  prim  ip  1  values  of  the 
shielding  tensor  observed  at  low  temperatures  i  a, ,  =  17, 

n  =  7> J.  a  =  1 7o  ppm  on  t be  (  S  .  s(  .t]ei  and  assumes  the 
orientation  of  tlu-  prmcmal  axes  r<  ported  for  benzene.1,1 
I  be  them  i  cal  sfutt  tensor  in  the  principal  axi-  «y  «tem  a,  .  ( 


can  lie  transformed  with  the  appropriate  matrix.  R.  to  a 
desired  molecular  axis  -\aun  in^.i.  where  the  x  axis  is 
selected  as  the  axis  of  rotation.  .?lw.  =  Hr..  R  ’.  Rotation 
about  the  v  axis  ii\  an  angle  o  gives  j ., )  =  /{  „  }{ 

and  the  CSA  iuu-  shape  corrcspomiiiig  to  either  flips  or 
restricted  rotation  about  this  axis  are  then  generated. 
Resides  z  flips  having  a  'igmt icant  Iv  different  shape  from 
restricted  rotation,  neither  replicates  the  observed  high- 
temperat ure  limit,  though  -  Hips  are  close  to  the  general 
shape  It  '  flips  aro  .  otr.l  uu  d  with  tairlv  large- amplitude 
restricted  rotation  it'iii  i.  the  observed  ingh-temperaturt 
limit  is  quite  well  simulated. 

(  ertaui  otin-r  processes  also  simulate  the  high-temper¬ 
ature  limit  For  instance,  both  flips  between  0  and  140° 
about  the  l'.('4  axis  and  restricted  rotation  about  an  axis 
inclined  at  .|,'J  produce  reasonaole  replications  of  the  ob¬ 
served  spectrum  The  maximum  of  the  CSA  line  shape 
in  the  7"°  axis  rotation  spectrum  is  slightly  displaced  from 
tile  observed  peak,  but  this  shape  can  lie  definitively  ruled 
out  hv  considering  the  proton  dipolar  line  shape. 

As  mentioned,  proton  dipolar  line  shapes  lor  The  phe- 
nvlene  protons  in  the  polycarbonate  of  1.1  .-dichloro-2.2- 
bisi  4 •  h vdroxv  phetiv  I  let hylene  (chlorall  have  been  re¬ 
ported  '  Since  till'  p.. Kmer  contains  only  phenvlene 
protons  wit h  one  maior  mt  r amelia  ular  dipole  dipole  in¬ 
teract  ion  parallel  to  the  <  ham  backbone,  the  persisted  a 
ot  this  interaction  at  high  temperature  implies  motions 
that  do  not  sign, tic, uit  ;v  reorient  the  CC4  axis-  The 
snnnle't  motion  meet  nig  this  requirement  is  some  form 
ot  rotation  .iImiI  that  axi'  though  rotations  aixait  a  parallel 
axn  are  also  possible  candidates.' ' 

I  o  pertortn  the  analogous  proton  dqmlar  exfH-riment  on 
BPA  as  iii't  nisi  ii'sisl  t»  r  the  t  hlornl  polvcarlxmate.  it  was 
nere"  try  to  deuterate  the  methvl  groups  to  produce 
BPA -<i,  A  level  of  lie';  deuteratum  of  the  methyl  groups 
wa~  achieved  while  retaining  yi'i  of  the  protons  in  the 
phenylene  gr.  .up 

To  obtain  the  best  possible  spectrum  of  the  Rake 
splitting.  BI’A-cf,  was  dissolved  in  perdeuterio-BPA  to 
obtain  ihe  spectra  shown  m  F'lgure  2.  Here,  the  Fake  line 
shape  is  apparent  bec  ause  of  reduced  intermolecular  di- 
|x.]e  dijx.le  interactions  Ihe  center  spike  in  this  spectrum 
arises  irom  residual  protons  of  the  perdeuterio-BPA,  which 
constitutes  s.‘i < ■;  ot  the  sample  hy  weight  and  has  27c 
residual  protons  I  he  residual  protons  in  BPA-d6  and 
perdeuterio-BPA  were  determined  froni  proton  and  deu¬ 
terium  spectra  ot  the  dissolved  polymers,  and  the  simu¬ 
lations  m  f  igure  2.  spe.  die  ally  the  intensity  of  the  center 
'(.ike,  are  i<>iis|sti  m  w.th  the  known  level  of  residual 
protons  . 

The  Fake  splitting  can  l>e  determined  from  simulations 
of  the  spectra  m  Figure  bv  folding  a  Fake  pattern  with 
t  il  fu-r  ( laussi.ui  or  l  .on  ni  z cm  broadening  A  decrease  of 
In'-,  m  the  Fake  'patting  irom  tin  low-temperature  limit 
to  tin  high  temper  iture  imi.t  i'  indicated  by  the  simula¬ 
tion,  but  i hi'  small  tie.  n-.i'c  is  i . . in { .arable  to  the  uncer- 
tamty  in  the  sumilation  A  b|f  .  decrease  could  reflect  the 
presence  ot  some  w..l<ble  i  !  ihe  ('  C4  axis,  and  such  a 
wobble  has  bee  n  rt  ported  bv  S.  h.ieter  based  upon  car¬ 
bon  proton  dipolar  rotation.il  spin  in  bo  line  shapes  of  the 
nuthvl  i.irboiis  m  HI’A  Ihe  persistence  of  the  Fake 
splitting  does  allow  tor  tin  run  non  of  one  ot  the  CSA  line 
shape  simulations,  namely,  rotation  about  an  axis  inclined 
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The  angle  A  Is  between  the  intermit  tear  vector  <ind  the  axis  of 
internal  rotation. 

The  three  bond  jump  sej'-'n.  i  al  motion  description  can  also  be 
combined  with  a  description  of  restricted  anisotropic  rotational 
diffusion  ( D -  1 A  ) .  In  tnis  case,  the  composite  spectral  density 
equation  is 


■w 
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i  klj 
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araeters  lor  restricted  anisotropic  rotat'  nal  diffusion 
•  liar  ar.pl  i  tu.le  .  .ve  r  wr  :  h  total  i  in  diffusion  occurs, 
ational  diffusion  i  •  mt  for  restricted  anisotropic 
4  i  I  i  us  ion  ,  iij  r  . 

nd  description  oi  -ecmental  motion  can  be  combined  with 
types  of  interna!  anisotropic  internal  rotation, 
e 1 r  and  (  • i  characterize  segmental  motion  in  terms  of  a 
time  tor  single  conformational  transitions,  Iq,  and  a 
time  for  cooperative  conformational  transitions,  tj. 
lias  Seen  applied  to  nuclear  spin  relaxation  before  (3) 

3  of  the  spectral  density  for  a  composite  segmental 
anisotropic  internal  rotation  is  written 

i  a  ^  *  v  i  1*  •  i  ^  ^  J  i  b  i  ■  h- 1  >  *]•  '*■  i  )  +  Cd  i  0  (  :  c  fl  •  1  I  »  “■  i  ) 

A  =  (3  cos  -  A  -  11-/4 


B  =  3  (sin-  )-'4  (4) 

C  3;  s  in'*  ;  ) / 4 


:ic  di : t  us  ion 

•sr1  -  -  -ir'1 

•df1  -  :  rl  * 


n.  nd  jump 


Jjj,  .Ijjj  and  .J(c  is  the  same  as  1  j j  given  be. aw  with 
by  tf),  T{,o  and  t  cn  respectively. 

)(  'o'1  +  -  ..  iJl  +  T !  “ 1  )  J  } 

'/  arctan(2(T|)_1  +  ;  j ~ 1 )..  i  1  ( t  j-1  +  2 r  j _  1 )  -  .j-] 

of  •sf/.w.it.i  l  notion  can  al  so  be  combined  with 
m  i  ^ -it  rup  i  c  relational  di  ft  a  si  on 
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To  apply  Che  models  to  Che  interpretation  of  the  data,  the 
approach  developed  tor  the  polycarbonates  will  be  followed.  The 
phenyl  proton  Tj's  are  interpreted  first  in  terras  of  segmental 
motion.  For  tiiese  protons,  the  dipole-dipole  interaction  is 
parallel  to  the  chain  backbone  and  therefore  relaxed  only  by  seg¬ 
mental  motion.  In  the  three  bond  jump  model  the  parameters  t  ^  and 
m  are  adjusted  to  account  for  phenyl  proton  data,  and  in  the 
Weber-Helf and  model  the  parameters  iq  and  tj  are  adjusted.  Table 
II  contains  the  three  bond  jump  parameters,  and  Table  III,  the 
Weber-Hel f and  model  parameters.  Both  models  can  simulate  the  data 
within  102  which  is  equivalent  to  the  experimental  error. 

Phenyl  group  rotation  can  be  characterized  from  the  phenyl 
carbon  Tj's  by  assuming  the  segmental  description  developed  from 
the  proton  data  (5) .  Either  segmental  model  can  be  used,  and  the 
corresponding  correlation  times  for  internal  rotation  of  the  phe¬ 
nyl  group  by  stochastic  diffusion,  'jrp's»  •lre  displayed  in  Table 
II  and  Table  III.  .Again  both  approaches  match  the  observed 
carbon-13  data  within  the  10%  uncertainty. 


Table 

11: 

Phenyl  Group  Motion  Simulation  Parameters 
Three  Bond  lump  Model 

Using  the 

°C 

’h 

T i rp  ( ns ) 

0 

i 

2.69 

1.85 

20 

i 

1  .  30 

1.19 

20 

i 

o.79 

0.73 

60 

i 

0.99 

0.299 

80 

3 

0.180 

0.227 

100 

5 

0.  ISO 

0.192 

120 

7 

0.049 

0.  195 

Ea(  kj/mole 
T„  x  I014  ( 
Correlation 

) 

s) 

Coef  f icient 

30 

0.39 

0.99 

20 

30 

0.99 

1  \F  I'l  N 


I  \l 


Spin  /\V/jw:i.  >n  iiml j/  V/,  i.-.i  v; 


Table  III:  Phenyl  Group 

Mol  ion  Si:nui  it  ion  Paramet 
Webe  r-H«  1  t  an. I  Mo»i»*l 

ers  Using  the 

°c 

t  j  (ns) 

t  0  (ns ) 

Tirp  (ns) 

0 

3.80 

6.0  1 

2.  13 

1.89 

3.7 

1.13 

40 

1.09 

2.  is 

0.72 

60 

0.49 

2.00 

0.280 

80 

0.239 

1.99 

0.240 

1  00 

0.142 

1.8b 

0.170 

120 

0.070 

1  .  70 

0.  I  50 

t:a(  kj/mole) 

30 

9 

21 

I*  x  10 (s) 

1 .04 

97  x  102 

20 

Correlat ion 

Coef  f icient 

0.99 

0.94 

0.99 

Now  the  interpret.it  ion  diverges  from  the  polycarbonate  pat¬ 
tern  as  the  formal  group  is  considered.  As  mentioned,  the  struc¬ 
tural  analogue  to  the  formal  group  in  c  lie  poi  year  bona  6#  is  the 
carbonate  group,  and  the  litter  cannot  he  directly  studied  by  so¬ 
lution  spin  relaxation  studies  since  it  has  no  directly  bonded 
protons.  If  tiie  formal  is  first  viewed  independently  from  the 
phenyl  group  Mta,  one  might  attempt  to  employ  segmental  motion 
descriptions  alone  since  the  formal  group  lies  in  the  backbone. 
Pursuing  this  approach,  both  the  three  bond  jump  and  the  Weber- 
Helfand  models  were  applied  to  simulate  the  proton  and  carbon-13 
data  in  table  I.  Neither  model  is  able  to  account  for  the  data, 
with  systematic  discrepancies  up  to  701  in  both  attempts.  The 
largest  di sc  repane ies  occur  at  low  temperatures  with  only  somewhat 
better  simulations  possible  at  higher  temperatures. 

In  one  sense  it  is  reassuring  to  determine  that  models  for 
segmental  motion  cannot  account  for  all  data  sets.  On  the  other 
hand,  it  is  still  desirable  to  develop  some  description  of  motion 
which  will  account  for  the  data  at  hand,  since  the  failure  to  sim¬ 
ulate  implies  some  potentially  interesting  informational  content. 
The  successful  phenyl  group  interpretation  can  assist  the  effort 
to  account  for  the  formal  data.  The  segmental  motion  descriptions 
applied  to  the  phenyl  pro  on  data  are  based  on  isotropic  averaging 
of  the  dipole-dipole  interactions  by  the  segmental  motion.  One 
could  assume  that  the  same  segmental  motion  description  occurring 
at  the  phenyl  groups  also  occurs  at  the  formal  group  since  both 
groups  are  adjacent  in  the  backbone.  If  this  assumption  is  made, 
some  additional  motion  must  be  considered  to  match  the  observed 
formal  relaxation  times.  In  the  context  of  the  models  being 
applied,  the  added  motion  could  be  a  anisotropic  rotation  or  re¬ 
stricted  rot  u ton.  For  the  t  -rmaL  group,  the  first  guess  is  rota- 
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cion  or  restricted  rotation  about  the  C-0  axis.  This  would  be  a 
single  backbone  contorm.ition.il  transition  occurring  as  an  aniso¬ 
tropic  moti"H  on  top  of  the  segmental  motion  of  say  the  Weber- 
lieltand  model  determined  from  the  phenyl  proton  data.  Complete 
anisotropic  rotation  about  the  C-0  bond  adequately  accounts  for 
the  higher  temperature  data,  hut  fails  to  simulate  the  lower  tem¬ 
perature  .lata  by  about  40%.  A  restricted  rotation  model  at  lower 
temperatures  is  also  not  able  to  simulate  the  observed  Tj's  though 
it  comes  closer.  Adding  a  rotation  or  restricted  rotation  about 
the  C-0  axis  to  the  three  bond  jump  model  is  equally  unsuccessful 
as  might  he  expected  since  so  far  the  three  bond  jump  and  Weber- 
Keltand  model  have  para' led  each  other. 

The  next  motion  considered  is  rotation  or  restricted  rotation 
of  the  OCH-iO  unit  about  the  0-0  axis  of  the  unit.  The  initial 
logic  here  was  that  the  larger  aromatic  groups  were  slower  moving 
anchors  and  the  formal  group  was  anisotropical ly  rotating  relative 
to  the  two  oxygens  which  were  the  connections  to  the  more  sluggish 
phenyl  groups.  At  higher  temperatures,  complete  anisotropic  rota¬ 
tion  about  the  0-0  axis  in  addition  to  a  segmental  motion  descrip¬ 
tion  using  the  Weber-Hel f and  model  developed  from  the  phenyl  pro¬ 
ton  data  accounted  for  the  formal  data  but  discrepancies  of  30% 
still  remained  at  lower  temperatures.  The  lower  temperature  data 
could  be  accounted  for  by  al Lowing  for  incomplete  anisotropic  ro¬ 
tational  diffusion  about  the  0-0  axis  in  addition  to  segmental  mo¬ 
tion.  With  complete  rotation  at  higher  temperatures  and  restrict¬ 
ed  rot  it  i  >n  at  lower  temperatures,  all  formal  proton  and  carbon-13 
data  can  be  simulated  within  the  experimental  uncertainty  of  the 
Tj's.  The  aaisitropic  rotation  simulation  parameters  are  reported 
m  Table  IV  :  >r  the  case  where  segmental  motion  is  characterized 
with  the  UV her -He  If  mj  model  on  the  basis  of  the  phenyl  proton 
data.  A  substitution  of  the  tnree  bond  jump  model  for  the  Weber- 
Hel:  md  m  lei  leils  r  •>  nearly  the  same  results. 


Table  IV:  K  >rm  il  .r  mp  simulation  Parameters  Using  the  Weber- 

Hel  t  and  Model 
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Di scuss ion 


As  the  first  point,  the  dynamics  of  ttie  phenyl  group  in  the  poly- 
formal  can  be  considered.  Motional  descriptions  from  the  two  seg¬ 
mental  models  can  be  compared  as  they  have  been  before  for  the 
polycarbonates  (5).  In  the  three  bond  jump  model  the  primary 
parameter  is  the  harmonic  mean  correlation  time,  and  in  the 

We  be r-He 1 f and  model  the  primary  parameter  is  the  correlation  time 
for  cooperative  backbone  transitions,  ij.  At  the  lower  tempera¬ 
tures  studied,  Tq  plays  an  increasing  role  in  the  Weber-He 1 f and 
model  but  t[  is  still  the  major  factor.  This  is  an  interesting 
point  in  itself  since  cooperative  transitions  were  also  found  to 
predominate  when  the  Weber-Helfand  model  was  applied  to  the  poly¬ 
carbonates.  Here  in  the  polyformal,  single  bond  conformational 
transitions  do  play  a  larger  role;  and  this  can  be  seen  in  the 
three  bond  jump  model  as  well  by  the  drop  of  m  to  1  at  lower  tem¬ 
peratures.  SincP  t  j  and  are  both  measures  of  the  time  scale 
for  cooperative  motions,  it  is  interesting  to  note  that  the 
Arrhenius  summaries  of  the  two  correlation  times  in  Tables  II  and 
III  are  very  similar.  This  similarity,  taken  together  with  the 
domination  of  cooperative  transitions  in  the  interpretations,  sup¬ 
ports  the  utility  of  both  models  though  the  Weber-Helfand  model  is 
developed  from  a  more  detailed  analysis  of  chain  motion. 

One  interesting  difference  between  the  Weber-Helfand  inter¬ 
pretation  of  the  polyformal  and  the  polycarbonates  is  the  relative 
apparent  activation  energies  for  tj  and  tq.  For  the  polycarbo¬ 
nates,  the  activation  energies  for  :q  and  ;  j  were  about  the 
same  (_5)  as  would  be  expected  if  the  cooperative  transitions 
occurred  sequentially  as  opposed  to  simultaneously  (15-17).  For 
the  polyformal,  the  activation  energy  for  the  cooperative  process 
Is  much  higher  than  for  the  single  transitions  which  is  more  in¬ 
dicative  ot  simultaneous  cooperative  transitions  such  as  a  crank¬ 
shaft.  Since  the  single  transitions  are  minor  processes  in  both 
the  polycarbonates  and  to  a  lesser  extent  in  the  polyformal, 
dwelling  or  the  activation  energy  differences  may  be  risky. 

It  is  worth  noting  that  the  description  of  phenyl  group  rota¬ 
tion  is  not  significantly  influenced  by  changing  descriptions  of 
segmental  motion.  This  too  supports  the  utility  of  both  models 
and  the  validity  of  the  general  analysis  of  local  motion  for  phe¬ 
nyl  groups  as  being  divided  between  segmental  motion  and  internal 
rot  at  ion . 

Segmental  motion  and  phenyl  group  rotation  In  the  polyformal 
can  be  compared  to  that  of  the  polycarbonates.  Relative  to  the 
analogous  Chloral  po  1  yr.irbon.i t e  (51,  the  cooperative  segmental  mo¬ 
tion  in  the  polvform.il  is  similar  in  general  time  scale  but  has  a 
significantly  higher  activation  energy.  Phenyl  group  rotation  in 
the  polyformal  and  the  po  1  yc  irbon.it e  ire  nearly  identical.  This 
suggests  phenyl  group  rotation  is  a  very  localized  process  not 
greatly  influenced  by  replacing  the  carbonate  link  with  a  formal 
link.  On  the  other  hand,  it  is  hard  to  imagine  phenyl  group  rota- 
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tiou  as  a  simple  process  within  the  bis  phenol  unit  since  MN'DO  cal¬ 
culations  (18)  indicate  a  high  barrier  within  this  unit. 

Another  interesting  point  about  phenyl  group  rotation  in  the 
polvformal  and  polycarbonates  is  that  it  is  best  modeled  in  solu¬ 
tion  as  stochastic  diffusion  rather  than  two  fold  jump  (ti  flips). 
In  solid  BPA  polycarbonate,  both  deuterium  (_I_9)  and  carbon-13  (20) 
lineshape  analysis  point  to  two  fold  jumps  or  it  flips  as  the  pri¬ 
mary  process.  Calculations  by  Tonelli  (21-22)  also  point  to  low 
barriers  to  phenyl  group  rotation  for  isolated  BPA  chains.  If  the 
intramolecular  barrier  for  phenyl  group  rotation  is  indeed  low  as 
indicated  by  the  solution  studies  and  the  calculations,  the  change 
to  a  higher  barrier  (6 , 18)  and  a  flips  in  the  solid  must  reflect 
i ntermol ocular  interactions.  This  is  indeed  plausible  since  the 
new  conformation  following  a  n  flip  in  the  solid  requires  no 
change  in  the  surroundings  (no  change  in  free  volume)  yet  the  sur¬ 
roundings  could  provide  an  appreciable  barrier  to  the  transition. 

As  mentioned,  the  formal  link  provides  new  dynamic  informa¬ 
tion  relative  to  the  polycarbonates  where  no  detailed  analysis  of 
the  carbonate  unit  is  possible.  In  the  interpretation,  a  rather 
complex  description  is  required  to  account  for  the  formal  relaxa¬ 
tion  data.  According  to  the  in terpre ta t ion ,  the  formal  group  un¬ 
dergoes  segmental  motion  as  determined  at  the  phenyl  group  plus 
anisotropic  rotation  about  the  oxvgen-oxvgen  axis  of  the  formal 
group.  At  low  temperatures  this  anisotropic  rotation  is  described 
as  restricted  rotational  diffusion.  The  main  question  is  whether 
theie  is  any  physical  sense  to  such  a  picture.  Since  the  segment¬ 
al  motion  is  somewhat  cooperative  and  the  phenyl  group  is  adja¬ 
cent,  it  seems  reasonable  to  assume  that  this  motion  extends  over 
both  the  phenyl  and  formal  groups.  The  real  question  is  the  an¬ 
isotropic  restricted  rotation.  To  pursue  this  aspect,  conforma¬ 
tional  energy  maps  of  di me thoxvme thane  were  reviewed  ( 7 3-24 ) .  The 
lowest  conformations  are  gg'  and  g'g  and  this  unusual  situation 
relative  to  polyethylene  chains  is  commonly  called  the  anomeric 
effect.  ha r h  of  these  conformations  has  two  conformations  which 
are  only  4kJ  higher  in  energy.  The  tg *  and  gt  conformations  are 
energetically  near  the  gg'  conformation  and  the  tg  and  g't  confor¬ 
mations  are  energetically  near  the  g'g  conformation.  The  g'g',  gg 
and  tt  states  are  considerably  higher  in  energy.  The  most  facile 
conf orma t i ona 1  changes  from  the  lowest  states  could  be  represented 
by 


tg' 

50 

50 

II 

=  gt 

fi’t 

=  fi’S 

=  tg 

(6) 


At  lower  temperatures  where  a  given  formal  unit  is  likely  to  be 
either  gg '  or  g'g,  the  transitions  represented  by  eq.  6  would  re¬ 
sult  in  restricted  rotational  averaging.  This  would  generally 
agree  witli  the  results  obtained  from  the  simulation  of  the  formal 
relaxation  data  from  0  to  40  degrees  where  the  angular  amplitude 


5  1  \RIM  >  1  1  M 


Spin  Rchi\iilit'n  anti  I  “ail 


SI 


of  restricted  rotation,  l ,  ranges  from  86  to  164  degrees.  At 
higher  temperatures  populations  in  states  other  than  gg '  or  g'g 
would  become  larger  allowing  for  the  more  common  occurrence  of 
conformational  changes  other  than  those  listed  in  eq .  6.  This 
would  result  in  effectively  complete  rotation  in  agreement  with 
the  simulation  from  60  to  120  degrees. 

These  arguments  would  account  for  the  shift  from  restricted 
rotation  to  complete  anisotropic  rotation,  but  why  is  the  choice 
of  the  oxygen-oxygen  axis  made?  In  fact,  it  can  only  be  a  rough 
approximation,  since  the  ends  of  the  formal  group  must  move  during 
chese  conformational  changes.  The  time  scale  for  the  formal  group 
conformational  changes  are  only  somewhat  more  rapid  relative  to 
the  time  scale  of  segmental  motion  am  phenyl  group  rotation,  so 
phenyl  groups  are  only  somewhat  sluggish  with  respect  to  the  for¬ 
mal  group.  A  more  detailed  and  accurate  model  for  the  formal 
group  motion  could  be  undertaken  but  the  data  in  hand  do  not  war¬ 
rant  it.  The  present  picture  points  to  single  conformational 
transitions  at  the  formal  group  which  result  in  only  partial  spa¬ 
tial  averaging  of  dipolar  Interactions  at  lower  temperatures. 
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TEMPERATURE  DEPENDENCE  CF  PHENYL  GROUP  MU7IN  IN  BP  A  Fb  M 
SOLID  STATE  CAKIVN-iJ  LINE  SHA1  r  3 
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The  polycarbonate  of  bisphenol-A  (BPAj  exhibits  the  com- 
mercially  important  property  of  good  impact  resistance  over  a 
temperature  range  more  than  25n°  below  the  g lass  transition 
temp-erature  (1).  It  is  believed  that  the  presence  of  molecu¬ 
lar  motions  in  the  glassy  state  at  low  temperatures  is  an 
important  factor  in  the  determination  of  the  origin  of  this 
physical  property  (7).  Recent  solid  state  NMP  studies  in¬ 
volving  carbon- 13  chemical  shift  anisotropy  (CCA)  line 
shapes  (3)  and  deuterium  quadrupolar  line  shapes  (4)  have  de¬ 
fined  the  phenyl  group  motion  in  B?A.  These  results  indicate 
that  motion  at  120°C  takes  place  about  the  Ci Cu  axis  in  the 
form  of  jumps  between  two  minima  separated  by  100°  (t  flips) 
in  combination  with  a  restricted  angular  rotation  over  *  30° 
around  each  minimum.  These  results  aaree  well  with  predic¬ 
tions  made  by  Williams  and  Flory  based  on  the  spatial  config¬ 
urations  of  the  polycarbona te  chain  (5). 

In  this  report,  we  extend  the  analysis  of  the  CGA  line 
shap-e  for  a  phenyl  carton  in  BFA  to  determine  the  temperature 
dependence  of  the  rate  and  amplitude  o£  the  phenyl  group  mo¬ 
tion.  This  knowledge  should  help  provide  a  basis  on  which 
one  can  develop  a  further  understanding  of  the  mechanical 
properties. 

EXPERIMENTAL 

The  sample  of  bisphenol-A  polymer,  single  site  carbon-13 
enriched  (00%)  ortho  to  the  carbonate  was  synthesized  from 
enriched  phenol  (2-’-C)  obtained  from  KCR  isotcics.  The 
carbon- 13  CSA  spectra  were  obtained  at  22.636  MHz  using  cross 
polarization  and  high  power  decoupling  methods  with  a  Broker 
SX?  20-100  spectrometer.  Typical  spectra  have  been  presented 
elsewhere  (3)  and  will  not  be  repeated  in  this  report.  Tem¬ 
perature  control  was  maintained  to  within  ‘2K  with  a  Bruker 
B-oT  100 /TO  temperature  controller. 

INTERPRET AT  I 9N 

The  principal  values  of  the  shielding  tensor  were  deter¬ 
mined  previously  (3)  by  simulation  from  a  spectra  at  -160°C 
(0jj  *  -17,  j 22  =52,  ;  n  =  175  ppm  on  the  CS>  scale).  Two 

approaches  can  then  be  utilized  to  model  the  molecular  motion 
and  simulate  line  shapes  at  the  various  temperatures. 

First,  one  can  easily  simulate  a  line  shape  if  the  mole¬ 
cular  reorientation  occurs  at  a  rapid  rate  by  replacing  the 
rigid  shielding  tensor  with  a  tensor  averaged  over  the  geom¬ 
etry  of  the  motion.  The  method  involves  transferring  the 
chemical  shift  tensor  in  the  {nncij-il  axis  system 
with  the  appropriate  matrix  (R)  to  a  desired  molecular  axis 
system  f»x..z)  where  the  x  axis  is  selected  as  the  axis  about 
whi;.  h  ►he  rotation  takes  place:  ’xvz  *  R  F  *.  Rotation 

abo  .t  the  x  axis  by  an  anjle  i  lives  'XyZ>'»)  =  *<,*  :xyz*  ^ » '  in 
a  sum  lar  manner.  The  elements  of  the  >A  tensor  for  fli:s 
and  >r  restricted  rotations  art*  "hen  obtained  oy  appro}  r.are 
averaging  and  the  correspond  ww  lire  shaj  e  jer.eratel  «.5>. 

If  the  molecular  motion  occurs  at  a  frequency  con;  ariole 
to  the  Lmewidth,  the  line  share  may  r.o  longer  te  described 
by  s  tensor  and  the  above  approach  will  not  worn.  ‘  mo  must 
use  a  model  which  allows  for  a  molecular  reorientation  it  an 
arbitrary  rate.  We  make  use  '•>:  the  epatior.s  levelled  by 
Me  hr  mg  for  a  simple  two  site  pimp  tnodei  for  a  -'."A  line 


shape  (6).  In  this  model,  there  is  a  single  time  constant 
corresponding  to  the  average  residence  time  of  a  particular 
site.  To  simulate  line  shapes,  one  only  needs  to  vary  this 
time  constant  and  the  elements  for  the  averaged  tensor  cor- 
resi  end ir.g  to  a  restricted  rotation. 

Using  the  interpretation  of  the  geometry  of  phenyl  mo¬ 
tion  at  12-j°C  as  a  starting  joint  one  can  simulate  the 
temperature  dejendence.  From  ♦120°C  to  approximately  0°C 
the  flijs  occur  at  a  rapid  rate  and  one  can  simulate  the  CSA 
line  shapes  by  simply  changing  the  amplitude  of  the  restric¬ 
ted  rotation.  In  the  region  from  -2G^C  to  -60°C  one  must 
also  decrease  the  rate  of  the  n  flip  process  as  the  line 
sna{  e  is  changing  from  being  nearly  axially  symmetric  to  a- 
symr.etr  ic.  The  jump*  rate  as  a  function  of  temperature  was 
estimated  by  comparing  the  theoretical  and  experimental 
spectra.  An  Arrhenius  plot  of  these  jump  rates  yields  an 
apparent  activation  energy  of  25tS  kJ/mc *  for  the  flip  pro¬ 
cess  ill  jure  1).  This  number  should  be  treated  with  caution 
as  it  is  determined  from  a  sampling  of  only  a  few  data 
points  over  a  very  small  frequency  range.  Figure  2  provides 
a  description  of  the  temperature  dependence  of  the  restric¬ 
ted  rotation  behavior.  A  plot  of  the  root  mean  square  dis¬ 
placement  versus  T^3  shows  a  good  linear  dependence.  The 
value  of  the  root  mean  square  displacement  of  :17°  at  120^0 
corresponds  to  the  r30°  angular  displacement.  At  -6C°C,  the 
root  mean  square  displ  ;ement  of  i7°  corresponds  to  a  il0° 
angular  displacement . 

DISCUSSION 

The  two  site  jump  model  is  a  simplistic  approach  for 
modeling  the  time  dependence  of  a  molecular  reone-.tur  ion . 
Often  when  dealing  with  motion  in  polymer  systems,  one  must 
invoke  a  distribution  of  correlation  times  to  account  for 
experimental  data.  However,  the  frequency  range  or  the  line 
shape  data  does  not  warrant  such  .  n  approach.  However,  the 
apparent  activation  energy  of  the  flip  process  derived  from 
a  single  correlation  time  analysis  may  be  in  serious  error. 

The  linear  behavior  of  the  root  mean  square  displace¬ 
ment  of  the  restricted  rotation  versus  T*1  is  attributed  to 
a  description  of  the  motion  as  a  classical  harmonic  oscilla¬ 
tor  (8) .  The  potential  energy  is  proportional  to  the  square 
of  the  angular  displacement,  U-iO*.  By  invoking  the  vinal 
theorem,  the  averaae  potential  energy  can  be  set  equal  to 
the  average  kinetic  energy  and  is  proportional  to  the  tem¬ 
perature,  <U>-kT.  Therefore,  the  mean  square  angular  dis¬ 
placement  is  proportional  to  the  temperature,  <GC*''"T. 
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‘  '  •>  ; .  Main  r.jb  ion  i  s  pr>.  [  ore  1  for  the  ] cv;  t  enperaturu 

I  ■  j-  p-Mk  in  M  ry  poly-s-ir  boost*:  :  rr  My  ,»  correlated  conforma¬ 
tional  irk  "  ‘  -s  f  Mr.’  rsir  •  carbonate  units.  One 

earbon.nM-  unit  ms  w  I  to  a  _*yy>s  s-* :y- mg  conformation  and  the 

other  tk  a  ■*  r-hn.::  eor.f  .tm t  lot. .  Vi.  •  interchange  is  produced 
by  a  rotation  about  one  of  the  VP  bonds  in  each  of  the  carbonate 
unite.  The  'is-fru-nr  eor.ferr.af icn  diffuses  down  the  chair,  com¬ 


posed  of  largely  ‘  r  %  units  by  the  repeated  action  of  this 

process.  The  rhc-nyleno  group  at. t-.  'had  to  the  other  side  of  the 
carbonate  unit  from  the  rc  tatiry.  CO  Lord  undergoes  a  r  flip  as 
rotation  about  the  CO  bond  occurs  though  inter-molecular  couplings 
in  the  bulk  polymer  .ur,  also  link  the  flips  to  the 

interchange.  This  notion  i r  *nsi .<  •*•.*_•  at  with  existing  solid 
state  proton,  carbon  and  out  Ti  n  •  i  nc  shape  data  on  the 
phenyl  one  rr’er.  It  also  agree-  V h  the  presence  of  a  substan¬ 
tial  dielectric  ar.d  dyr-anical  roM  m.icnl  loss  peak  linked  in  time 
to  the  occam  r.oe  of  ••  flips.  This  m*  ion  r>*-r  luces  a  volume 
fluctuation  by  tr  .r.slT  ; op  •  f  re  h •  '-«;r.cl  A  ur.it  between  the 

rearrar.gir.  p  ••  arlvm.- co  ms  ‘. s  ;  ar.d  this  volure  fluctuation  can 

diffuse;  ■'ov.r.  Mr  M'y —  eh  -.age  a:;  Mr  n’  mr,  confirmation 

diffuses .  P!  ff  ..M-'  a  f  a  "  ■.  S :.  MM  r.  ••  h  i  and  a  volume 

flue*  uat  ;  -r:  Mm:-,  *  he  p  >  a.a  .hair.  is.  pm  ce:v>  whir.,  ould 

initiate  the  r  •;  i  ’  r*  h"t‘or  ,  r  a  •  inter  r  0  Ms  air. 


15 . 


phenylene  group.  Thus  the  proponed  notion  in  consistent  with  a 

large  effect  produced  by  phenylene  group  substitution  ortho  to 

the  polycarbonate  and  lesser  effect  from  substitution  of  the 


quaternary  carbon  at  the  -1PA  bridge  head.  Another  structural 

modification,  replacement  of  the  carbonate  by  a  formal  group 

13 

leads  to  a  similar  dynamic  mechanical  spectrum  because  the 


crucial  CO  bonds  are  present  in  both  the  carbonate  and  formal 
group  though  the  geometry  changes,  from  about  120°  to  about  109° 


bond  angles. 

Lastly,  the  subject  of  impact  resistance  is  considered.  The 

polycarbonate  of  SPA  shows  good  impact  resistance  over  a  wide 

ai 

range  of  temperatures.'  The  diffusion  of  a  conformation  in¬ 

volving  chain  translation  and  an  associated  volume  defect  along 
the  chain  provides  a  mechanism  at  a  molecular  level  which  could 
lead  to  the  rapid  dissipation  of  a  macroscopic  strain.  The 
diffusion  along  the  chain  to  a  largo  volume  defect  to  relieve 
strain  is,  also  procuring  proposal  tc  seduce  larger  strains  and 
would  lead  to  the  1  or  of  go. > i  impact  rosj  stance  in  annealed 


samples  again  in  agreement  with  observe,  t  i  on . 


in . 

motion  could  be  thought  of  an  a  rotation  about  a  single  backbond 

bond  with  no  subsequent,  ronpensat i ng  correlated  motion.  In  this 

manner,  new  direction.',  of  backbone  bonds  are  produced  yielding 

the  nearly  isotropic  spatial  averaging  observed  at  the  glass 

transition.  In  an  annealed  sample,  the  diffusion  process  still 

takes  place  but  the  larger  volume  defects  do  not  exist  and  the 

gla  S3  transition  type  segmental  motions,  will  not  occur.  The 

13 

shoulder  thus  disappears  in  agreement  with  observation 

The  effect  of  structural  modification  on  the  dynamic 
mechanical  spectrum  also  point  to  the  key  role  of  the  CO  bond  in 

the  carbonate  unit.  Oubsti tution  of  the  bridge  group  of  the  BPA 

13 

unit  has  little  effect  on  the  low  temperature  loss  peak 
Substitution  on  the  phenylone  group  at  positions  ortho  to  the 
carbonate  shift  the  loss  peak  to  higher  temperature.  For  in¬ 
stance,  the  loss  peak  of  the  polycarbonate  shown  in  figure  4 
occurs  200°  above  the  loss  ir  PPA  polycarbonate  ".  These  ortho 
substitutions  greatly  increase  steric  interactions  in  the 
vicinity  of  the  carborut  •*.  grow:  1  would  tend  to  block  rotation 

both  about  the  CO  •••.lrbonate  bund  an  1  about  C1  Cjj  axis  of  the 


13. 


the  shear  lor;.",  which  is  physi  c ,-|i  ]y  reasonable  since  the  small 


arbonnt  o  ns  it  'hanger  shape  and  the  large  RPA  unit  is  moved  so 


v.-.  li.r-e.  Volume  f  uetuaf  i one  or  relative 


1  G  32 

:t:  rv  of  neighbor  i  -  y  ins  have  been  proposed  before  ’  but 


no  repeat  unit  level  reehanisr.  wa*-  suggested , 


The  amplitude  of  the  bulk  loss  is  reduced  by 


eros3-linki ng .  Volume  fluctuations  can  be  diffused  along  the 


chain  by  the  cis-trans  (or  trans— eis) ,  tr-ans-trans  interchange  in 


the  uncross-linked  polymer-  but  such  volume  fluctuation  diffusion 


would  be  impeded  by  cress  links  leading  to  the  diminished  bulk 


loss  in  these  systems. 


In  quenched  polycarbonate  samples,  a  low  temperature  shoul¬ 


der  (3  relaxation)  to  the  glass  transition  peak  can  be  observed 


in  the  dynamic  mechanical  spectrum  ' .  Larger  volume  defects  may 


2xist  at  some  places  in  a  quenched  sample;  and,  with  the  proposed 


model,  a  localized  strain  could  be  diffused  down  the  chain  to  the 


large  volume  defect.  At  this  defect,  segmental  motions  com¬ 


parable  to  those  of  the  glass  transition  could  take  place  to 


relieve  the  strain.  T r.  this  context,  the  glass  transitions 


12. 


a  small  amount  ns  the  cis-tr  ins  conformation  diffuses  along;  the 

chain  which  could  lend  to  it  larger  loss.  However,  the  computer 

simulations  in  polyethylene  originally  leading  to  Ihe  proposal  of 

correlated  segmental  rot. ions  shows  such  process  to  be  close  in 


time  but  not  si  mil  t.aneous.  The  correlation  function  for 


dielectric  loss  and  the  magnitude'  of  the  dielectric  loss  under 


these  circumstances  is  not  known  by  the  author;  though  further 

consideration  of  this  aspect  might  be  fruitful. 

The  dynamic  mechanical  loss  would  also  be  significant  since 
a  segmental  motion  involving  two  different  conformations  with 

different  populations  is  involved.  The  carbonate  unit  changes 


shape  which  should  lead  to  a  shear  loss  and  the  BPA  unit  is 

translated  which  should  lead  to  a  volume  fluctuation  and  bulk 


loss.  The  arguments  for  a  complex  correlation  function  and  an 
indeterminate  loss  amplitude  made  for  dielectric  relaxation  on 


the  basis  of  the  nature  of  correlated  motion  would  also  appear  to 
apply  to  the  mechanical  problem  as  well.  However,  both  a  shear 
and  bulk  loss  are  reported"  and  they  occur  at  approximately  the 


same  frequency. 


The  amplitude  of  the  bulk  loss  is  larger  than 


fact  and  nay  not  chance  drastically  with  temperature.  Further 


examination  of  the  carbonate  COA  line  shape  righi  be  fruitful  but 


would  involve  locattnc  the  principal  axes  for  both  the  trans- 


trans  and  ols-trans  confnrnat ions , 


Dilute  solution  MM  I?  relaxation  data  also  show  an  apparent 


eouplinc  or  cooperativity  between  phenylene  group  rotation  and 


segmental  motion/  '  The  solution  data  also  indicate  a 


preference  for  correlated  segmental  motions  over1  a  rotation  about 


a  single  backbone  bond  '  though  both  processes  occur. 


Dielectric  loss  would  be  substantial  according  to  the  model 


and  linked  to  NMR  data  as  is  observed.  The  magnitude  of  the  loss 


should  be  large  since  it  involves  both  a  partial  reorientation  of 


the  carbonate  group  and  a  change  from  trans-trans  to  cis-trans 


(or  trans-cis)  conformation  which  could  well  have  different 


dipole  moments.  On  the  other  band,  the  over-all  motion  is  an 


interchange  of  dipole  moments  associated  with  the  carbonate 


units.  If  the  interchange  were  simultaneous,  only  a  small  loss 


would  appear  likely  since  the  carbonates  and  the  BPA  units  are 


Many  repeat  units  could  be  reoriented 


only  slightly  reoriented. 
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intramolecular  and  intormol  ecular  in  origin.  The  11  flips  would 


appear  to  be  geometrically  simple  but  in  frequency  the  motion 

would  appear  complex  since  it  is  coupled  to  a  segmental  type  of 

motion  which  diffuses  along  the  chain.  Thus,  the  geometric 

restrictions  determined  by  proton,  deuterium,  carbon-13  CSA  and 

carbon-13  dipolar  line  shapes  and  the  broad  T,  and  T,  relaxation 

1  ic 

21 

minima  are  consistent  with  the  proposed  motion. 

The  most  severe  test  of  the  model  could  have  come  from  the 


carbon-13  anisotropy  line  shapes  of  the  carbonate 
20 

itself  .  Unfortunately  the  spectra  are  not  decisive  in  either 
supporting  or  rejecting  the  model.  As  mentioned,  the  line  shape 
is  not  strongly  temperature  dependent  and  the  principal  shielding 
axes  are  not  well  located.  A  further  complication  arises  from 
the  fact  that  the  model  proposes  an  interchange  from  a  cls-trans 
(or  trans-cls )  to  a  trans-trans  conformational  which  would  imply 
that  the  observed  line  shape  would  actually  bo  composed  of  two 
superimposed  though  probably  similar  shielding  tensors  line 
shapes.  Since  the  trans-trans  conformation  is  assumed  to 
predominate,  the  carbonate  USA  tensor  would  largely  reflect  this 


9. 


tion  function.  An  assumption  of  the  model  proposed  here  is  that 


the  life  times  of  the  states  before  and  after  the  correlated 


motion  composed  of  two  rotations  about  CO  bonds  is  lone  compared 

to  the  times  between  the  two  rotations.  All  of  these  motions  are 


discussed  in  terms  of  isolated  chains  but  the  nature  of  the  glass 
also  strongly  influences  the  correi  itiori  function. 


RELATIONSHIPS  OF  THE  MODEL  TO  RELAXATION  DATA 

The  model  can  ue  compared  to  NMR  data  first  since  these 
results  place  the  greatest  restrictions  on  proposed  motions.  To 


begin  with,  the  model  is  consistent  with  the  preservation  of  the 

1 6 

proton  dipolar  Poke  doublet.  The  phenylene  group  undergoes 
flips  about  the  axis  and  translation  but  only  about  a  10°  or 

less  reorientation  of  the  axis  correspondi ng  to  the  virtual 

backbone  bond.  It  is  important  that  the  CO  rotation  axis  is 
nearly  parallel  to  thn  axis  for  there  to  be  little  axis 

reorientation . ^  ^ 


The  model  Includes  1!  flips  as  a  motion  coupled  to  the 


isomerization  of  the  carbonate  unit. 


This  coupling  could  be  both 


8. 


the  left  side  of  RPA  units. 

The  motion  proposed  is  a  segmental  motion  but  limited  ir. 
nature.  The  BFA  units  are  not  sign i f icant ly  though  slightly 

reoriented  in  space  and  would  not  be  reoriented  in  the  model 

until  the  glass  transitions  is.  reached.  The  carbonate  unit  is 
reorienting  but  not  isotropically  and  again  isotropic  rotational 
reorientation  does  not  take  place  until  the  glass  transition  is 
reached.  Single,  uncorrelated  backbone  rotations  producing 
conformational  changes  are  the  type  of  motion  which  would  produce 
isotropic  averaging  and  would  be  anticipated  at  the  glass  transi¬ 
tion  temperature,  T  . 

e 

In  time,  the  proposed  motion  is  complex.  If  bond  directions 

of  an  individual  carbonate  unit,  are  followed  in  an  isolated 

chain,  they  would  have  a  correlation  function  similar  to  that 

proposed  by  Helfand  for  correlated  notion,  the  Bessel  function  of 
order  zero.  However,  a  compensating  reorientation  of  a  nearby 

carbonate  unit  occurs  soon  after  the  first  reorientation.  Thus 

the  correlation  function  for  dielectric  loss  under  these  cir¬ 


cumstances  would  be  more  complex  than  the  bond  direction  correla- 


7. 


C 


1 


a 


The  virtue  of  the  proposed  ^rrelated  conformational  change 
is  that  the  chain  ends  do  not  have  to  translate.  In  this  par¬ 
ticular  example  in  the  polycarbonates,  the  bisphenol  A  (BPA)  unit 
of  the  polymer  is  not  significantly  reoriented  except  for  a  flip 
of  a  phenylene  group  about  the  axis.  The  one  BPA  unit 
between  the  two  carbonates  which  interchange  conformation  is 

translated  and  slightly  reoriented.  This  translation  of  a  BPA 
unit  can  diffuse  along  the  chain  as  the  cls-trans  or  trans-cls 

unit  migrates  down  the  backbone;  and  this  migration  is  typical  of 
a  diffusional  notion  along  the  backbone  of  the  chain. 

Note  that  there  is  only  one  type  of  motion  in  the  sense  that 
a  cls-tran3  interchange  with  a  trans-trans  must  be  energetically 
equivalent  with  a  trans-cls  interchange  with  a  trans- 
trans.  However,  the  intramolecular  coupling  of  one  of  these 
symmetry  related  motions  is  proposed  to  affect  only  the  one  of 
phenylene  groups  in  a  BPA  unit.  The  other  phenylene  ring  in  a 
BPA  unit  is  coupled  to  the  other  interchange.  Referring  to 
Figure  3,  a  tran3-cis  to  trans-trans  interchange  flips  rings  on 


the  right  side  of  BPA  units  while  a  ci s-trans  to  trans-trans 


raational  interchange. 


The  exchange  of  the  cis-trans  (or  trans-els)  and  trans-trans 


conformations  in  sinilar  to  the  correlated  conformational  changes 
23-P6 

seen  by  Helfand  i  n  computer  simulations  of  polyethylene 


chains.  In  the  glassy  solid  the  exchange  of  the  conformations  is 


likely  to  be  more  nearly  correlated  relative  to  dilute  solution 


reflecting  stronger  intermolecular  interactions.  This  would 


lead  to  barrier  heights  from  one  to  two  times  the  CO  bond  rota¬ 


tion  energy  depending  on  the  degree  of  correlation;  though  in  the 


computer  simulations  of  polyethylene,  the  barrier  heights  were 


found  to  be  near  one  bond  rotation  energy.  This  CO  bond  is 

2 1  27  28 

found  to  have  a  low  barrier,  ’  '  about  10  kJ ,  according  to 

21  28 

several  theoretical  calculations  ’  .  The  whole  potential 


surface  for  polycarbonates  for  bond  rotation  consists  of 

27 

similarly  low  barriers  so  compensating  small  distortions  could 


aid  the  proposed  conformational  change;  and,  in  addition,  the 


high  degree  of  motion  in  polycarbonate  glass  provides  a  more 


liquid  like  environment  for  a  conformational  change  relative  to 


most  glassy  polymers. 


picture  or  model  is  qualitative  thougn  quantitatively  consistent 
with  geometric  data  from  NMR  line  shape  studies  and  leads  to  a 

mechanism  for  both  a  sizeable  dielectric  and  mechanical  loss. 


MODEL 

The  model  is  relatively  simple  and  is  displayed  in  figure 
3.  The  polycarbonate  chain  in  the  glass  is  composed  of  largely 
trans-trans  units  with  respect  to  the  carbonate  group  with  an 

occasional  cls-trans  or  trans-cls  unit.  The  fundamental  motion 
is  the  exchange  of  a  cis-trans  (or  tran3-cis)  conformation  of  the 
carbonate  with  a  trans-trans  conformation  of  a  neighboring  car¬ 
bonate.  This  exchange  is  produced  by  rotation  about  one  of  the 
CO  bonds  in  each  of  two  carbonate  groups.  As  rotation  about  the 
CO  carbonate  group  occurs  the  phenylene  group  attached  to  the 
other  side  of  the  same  carbonate  group  flips  about  its  C^C^  axis. 

The  C^C^  axis  and  the  CO  carbonate  bond  direction  on  the  other 
3ide  of  the  carbonate  group  are  nearly  though  not  exactly 
parallel.  Intermolecular  coupling  in  the  bulk  polymer  as  well 
as  intramolecular  coupling  could  link  the  -  flips  to  the  confor- 


shape  changed  little  with  temperature  and  the  spatial  orientation 


of  the  principal  axes  of  the  shielding  tensor  are  not  well-known 
for  this  group.  The  large  dielectric  loss  can  only  be  associated 
with  motion  of  the  carbonate  group  so  it  is  quite  unusual  that 
the  anisotropy  study  does  not  reflect  the  motion. 

Both  deuterium  and  carbon-13  dipolar  line  shape  data  are 

also  available  for  the  nethyl  groups^’ The  spectra  indicate 

methyl  group  rotation  and  possibly  some  small  amount  of  backbone 

oscillation  but  no  other  major  reorientation. 

Relaxation  maps  have  been  prepared  showing  that  proton  spin 

relaxation,  NMR  line  shape  collapse,  dielectric  loss  and  dynamic 

mechanical  loss  are  all  at  least  phenonenologically  related  in 
2 1  22 

time  ’ ^  .  Since  the  only  clearly  defined  motion  is  n  flips, 
legitimate  question.',  have  been  raised  a;  to  how  exchange  of  a 
symmetric  group  between  two  equivalent  minima  cc  ’  produce  a 
large  mechanical  loss.  Also  motion  of  the  ; honylene  group  will 

not  account  for  dielectric  relaxation. 

It  is  the  purpose  of  this  report  to  propose  a  model  which 


ran  dr- 


various  relaxation  studies  to  a  common  picture.  The 


3 . 


persistence  of  a  dipolar  splitting  between  adjacent  phenylene 


protons  up  to  the  glass  transition.  This  implied  that  the  vir¬ 
tual  bond  corresponding  to  the  phenylene  group  could  not  be  re¬ 
orientating  in  space.  It  did  allow  for  either  translation  of  the 


phenylene  group  or  reorientation  of  the  phenylene  group  about  the 
axis.  This  conclusion  was  later  confirmed  for  the  polycar¬ 
bonate  in  figure  1  through  observations  on  a  partially  deuterated 

„  17 

form. 


Subsequent  attention  centered  on  the  phenylene  group  and 

three  solid  state  MMR  experiments  were  performed  to  further 

determine  the  geometry  of  motion.  The  first  report  came  from 

deuterium  KMR1^  which  concluded  that  the  phenylene  group  was 

undergoing  "  flips.  Because  the  deuterium  quadrupolar  interaction 

is  axially  symmetric,  some  room  for  doubt  remained.  However,  a 

carbon-13  carbon  shift  anisotropy  study  confirmed  the  n  flip 

17 

conclusion  while  eliminating  other  possibilities  ;  and  a  carbon- 

19 

13  rotational  dipolar  study  also  came  to  the  ti  flip  conclusion 

A  carbon-13  chemical  s^ft  anisotropy  line  shape  study  has 


also  been  made  on  the  carbonate  carbon 


However,  the  line 


The  local  chain  dynamics  of  glassy  polycarbonate  ha3  in- 


Recently,  more  sophisticated  solid  state  NMR  line  shape 
studies  have  provided  some  very  detailed  geometric  information. 
The  first  definitive  line  shape  result1^  wa3  obtained  on  a  struc¬ 
tural  analog  of  BPA  polycarbonate  which  contained  only  phenylene 
protons  (figure  2).  .he  proton  spectrum  showed  the  undiminished 


CONCLUSION 


16. 


Polycarbonate  in  a  special  system  with  generally  low  confor¬ 
mational  barriers  to  rotation.  The  geometry  of  the  carbonate 


unit  allows  for  a  process  it',  which  the  large  component  of  the 
repeat  unit,  "PA,  is  not  appreciably  reoriented  while  the  small 
carbonate  unit  is  ? i-or i ented .  This  is  a  pai tial  segmental 
reorientation  short  of  the  isotropic  segmental  notion  associated 
with  glass  transition.  The  model  proposed  here  is  quantitatively 
consistent  with  the  geometric  requirements  of  the  Nf'R  data.  It 
is  qualitatively  consistent  with  the  presence  of  significant 
dielectric  and  dynamic  mechanical  loss.  It  is  also  qualitatively 
consistent  with  broad  loss  peaks  or  relaxation  minima  since  it  is 
associated  with  a  relatively  complex  motion:  diffusion  of  a 


conformation 

along 

t)' 

e  chain  backbone 

in  a  glassy  solid.  It 

couples  the 

.  flips 

to 

this  more  complex 

eor.fot  national 

change 

in  agreement 

wi  th 

re 

?  1 

Taxation  naps'  thou 

gh  the  flips 

are  not 

the  key  motion  contributing  to  the  mechanical  and  dielectric 
properties.  The  model  involves  a  process  which  could  lead  to 


long  range  dissipation  of  strain  though  it  starts  with  a  specific 


17. 


local  chain  motion. 


The  data  in  hand  do  not  absolutely  lead  to  the  notional 
model  proposed  here  though  they  are  consistent  with  it.  The 

leading  alternative  motion:;’,  model  would  tc  oscillation  of  the 

RPA  unit  and  the  carbonate  unit.  Certainly  such  oscillation 

exists.  The  phenylene  group  data  displays  this  motion  in  addi- 

20 

tion  to  flips  and  Henri chs  favors  oscillation  as  the  best 


explanation  of  the  carbonate  CCA  data.  However,  it  is  hard  for 
this  author  to  see  how  an  oscillation  of  the  order  of  +20°  at 


room  temperature  can  lead  to  the  large  mechanical  and  dielectric 
losses  observed  in  PPA  polycarbonate.  A  jump  between  two  dif¬ 
ferent  states  with  unequal  populations  separated  by  a  barrier 

seems  a  more  plausibile  mechanism  for  large  losses. 

The  role  of  internolecular  couplings  versus  intramolecular 
coupling  in  the  proposed  motion  is  not  entirely  clear.  Certain 
motions  can  be  argued  to  he  unlikely  based  on  i nterraolecular 
interactions.  For  instance,  rotation  of  the  two  rings  and 
bridgehead  as  a  unit  about  the  oxygen-oxygen  axis  is  unlikely 
because  it  would  sweep  out  a  large  volume  thus  involving  sig- 


n i fi cant 


;  r. termol-'-oul  ir  interactions  in  the  bulk.  The  motion 


proposed  hero  reorints  only  the  snail  carbonate  group  as  opposed 


to  the  whole  PPA  unit.  The  phenylene  group  motion  of  r.  flips 
involves  no  net  reorientation  and  requires  a  much  smaller  fluc¬ 
tuation  in  the  surroundings.  The  BPA  unit  is  translated  as  a 

whole  in  the  proposed  motion  which  corresponds  to  a  very  specific 
motion  which  may  lead  to  experimentally  testable 
consequences.  The  separation  of  the  relative  role  of  in¬ 
tramolecular  and  intermoleeular  interactions  in  the  coupling 
of  it  flips  to  the  cis-trans  (or  trans-cls)  to  trans-trans  inter¬ 
change  is  unresolved.  The  *  flips  are  proposed  to  be  coupled  by 
both  factors  but  the  relative  importance  is  not  easily 
assessed.  In  any  case,  it  is  hoped  that  the  act  of  proposing 
this  model  will  lead  to  new  quantitative  tests  which  can  dis¬ 
criminate  more  decisively  among  possible  models. 
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Figure  1:  The  Chloral  Polycarbonate  Repeat  Unit: 

An  Analogue  of  BPA  Polycarbonate. 


Figure  2:  The  PPA  Polycarbonate  Repeat  Unit. 


Figure  3:  BPA  Poly  car' bona  te  Chains. 

The  .-ia'bonate  CO  bonds  with  asterisks 

indicate  points  of  bond  rotation.  The 
phenylene  rings  undergoing  flips  in  asso¬ 
ciation  with  the  CO  bond  rotations  are 

numbered.  The  correlated  conformational 


change  from  the  top  chain  to  the  lower 
chain  involves  two  neighboring  carbonate 
groups  and  is  produced  by  the  CO  rotations 
which  interchange  the  trans-trans  and 

trans-cis  conformations.  Mote  that  the 

choice  of  a  trans-cis  unit  in  the  figure 
Is  arbitrary.  If  a  cls-trans  unit  were 
used  the  other  phenylene  rings  would  be 


flipped  ao  over  n  period  of  time  all  rings 


2h . 

could  be  flipped  as  the  cls-trans  and 
trans-cls  conformations  diffuse  along 
the  chain.  Conventional  bond  angles  of 
109°  are  used  for  all  backbone  bonds 
except  the  carbonate  bond  which  are  set  at 
120°.  These  choices  lead  to  an  11° 
change  in  the  C  axis  of  the  phenylene 
groups  in  the  BPA  unit  between  the  carbonate 
units  undergoing  conformational  change.  If 
the  bond  angle  suggested  by  Flory  and  Williams 
are  employed,  the  reorientation  of  the 

phenylene  group  is  less  than  11°. 


« 


Figure  U; 


A  Substituted  Polycarbonate  Repeat  Unit. 
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where  P(a)  =  ( 1  /  4  n)  and  da  =  sinOdhdy.  (A  computer  program  which  generates 
CSA  line  shapes  on  the  b^sis  of  this  model  can  be  found  in  the  Ph.D.  thesis  of 
Wemme  r . 2 5) 

In  this  approach,  on ly  a  single  correlation  time  is  used  to  describe  the 
flipping  process.  Starting  wi  th  the  0°C  line  shape,  we  must  decrease  the  rate 
of  the  tt  flip  process  with  decreasing  temperature  as  the  line  shape  is  chang¬ 
ing  In  this  region  from  being  axially  symmetric  In  shape  to  asymmetric.  For 
most  of  this  temperature  region,  the  amplitude  of  the  restricted  rotation  does 
not  significantly  alter  the  line  shape  and  thus  only  the  rate  of  the  tt  flips 
controls  the  resultant  line  shape.  However,  the  amplitude  of  the  restricted 
rotation  Is  estimated  hy  extrapolation  from  the  high  temperature  region.  The 
t»  flip  rate  as  a  function  of  temperature  Is  determined  by  comparing  the  the¬ 
oretical  and  experimental  spectra.  A  summary  of  line  shape  comparisons  is 
contained  in  Figure  3  and  the  simulations  are  good  with  the  possible  exception 
of  0°C.  At  this  temperature  both  the  ir  flips  and  the  restricted  oscillation 
make  comparable  contributions  to  the  line  narrowing.  When  two  motional  pro¬ 
cesses  induce  roughly  equivalent  narrowing,  difficulties  in  line  shape  simula¬ 
tion  are  encountered  since  neither  can  he  assumed  to  he  fast  or  dominant  with 
respect  to  the  other. ^5 

The  results  of  these  simulations  are  summarized  as  follows.  An  Arrhenius 
analysis  of  the  single  correlation  times  yields  an  apparent  activation  energy 
of  llf5kJ/mol  for  the  flip  process,  as  shown  in  Figure  4.  This  number  should 
be  treated  with  caution  as  it  Is  determined  from  a  sampling  of  cnly  a  few  data 
polnt3  over  a  very  small  frequency  range.  Figure  5  is  a  plot  of  the  root  mean 


arbitrary  rate.  We  make  use  of  the  exchange  model  for  a  CSA  line  shape  as 
described  by  MehrLng22  and  Wemmer.25 

The  line  shape  equation  for  a  multisite  exchange  where  each  site  can 
exchange  with  any  other  site  Is  given  by 

;:U)  =(l/N)(  L/O-KI.)) 

where  (11) 

N 

L  =  l  [i  ('J  -  w j  )  -  (1/T.j  )+MK]_1 
.1  =  1 

T>j  =  spin-spin  relaxation  time 
K  =  t_  1  =  exchmige  or  flipping  rate 
N  =  number  of  sites 

u>j  =  frequency  of  site  j 

wj  =  ®iso+(  033_<Jiso)  I  P2(cos  p)P2(cos  U  )+(3/4)sin  20sin  2dcos2(  9+y ) 

-3sln  ‘jcos  ustn  bcos  bcos  ( 9 +y )  ] 

+  ((oji-J22)/2)[sin2  dcos4  pcos  (  2(  9+y+a) ) +s  in  20sin  Alices  (  2(  9+y-a) ) 

+sln  Ocos  Osin  p  i (cos  t?+  1) cos  ( 9+y+2u)  +  ( cos  b-  l)cos  ( 9+y+2u) } 

+I’2(  cos  0)sln  ^bcos  (  2u)  ] 

and  ?2  Is  the  Legendre  Polynomial.  The  Euler  angles  of  the  flipping  axis  with 
respect  to  the  principal  axis  system  of  the  tensor  are  (a,  p,  y)  and  the  Euler 
angles  of  the  magnetic  field  with  respect  to  the  molecular  frame  containing 
the  flipping  axis  as  the  z-axis  are  (3,  r). 

In  NMR,  the  real  part  of  g(w)  Is  termed  the  line  shape  I(w). 

I(  .0)  =  Re  g(  j)  (12) 

This  equation  has  been  developed  lor  a  particular  orient  it  ion  of  the  molecular 
frame  with  respect  to  the  magnetic  field.  For  an  isotrspic  powder  sample,  one 


has  to  average  over  all  orientations 


II) 


place  about  the  C3C4  axis  in  the  form  of  jumps  between  two  minima  separated  by 
180°  ( n  flips)  in  combination  with  a  restricted  rotation  over  i30°  around  each 
minimum.  It  should  be  noted  here  that  there  was  a  small  ppm  referencing  prob¬ 
lem  in  the  earlier  CSA  study  that  was  corrected  here  when  interpreting  the 
temperature  dependence  of  the  other  CSA  line  shapes.  The  has i c  conclusions 
are  the  same  although  in  the  final  modeling  the  restricted  rotation  occurs 
over  a  greater  range,  -t3 6°,  than  previously  reported  for  +I20°C.  The  oscilla¬ 
tion  is  modeled  as  a  restricted  diffusion  over  an  angular  range  using  the 
square  well  potential. 

Employing  the  Interpretation  of  the  geometry  of  the  phenylene  motion  at 
+120°C  as  a  starting  point,  one  can  simulate  the  temperature  dependence  of  the 
changing  CSA  line  shapes.  From  +120  to  +20°C,  the  tt  flips  are  in  the  limit  of 
rapid  motion  as  the  line  shapes  can  be  described  by  a  tensor  and  thus  this 
molecular  motion  can  still  he  modeled  rather  easily  through  the  use  of  Euler 
transformation  matrices  and  the  appropriate  angular  weighting  functions.  In 
this  temperature  region,  the  line  shapes  are  all  of  the  same  general  shape  as 
observed  at  +120°C,  although  the  Ojj  and  033  components  of  the  averaged  tensor 
move  to  make  the  spectra  slightly  broader  as  temperature  decreases.  One  can 
simulate  this  line  shape  behavior,  first,  by  assuming  the  1;  flips  are  occuring 
at  a  rapid  rate  and,  second,  by  simply  decreasing  the  amplitude  of  the  re¬ 
stricted  rotation  with  temperature. 

If  the  molecular  motion  occurs  at  a  frequency  comparable  to  the  spectral 
width  the  line  shape  may  no  longer  be  described  by  the  above  approach.  For 
the  spectra  from  0  to  -jnil°C,  me  ran  no  longer  assume  that  the  n  flips  are 
occurring  at  a  rapid  rate  and  thus  one  must  use  a  model  which  allows  for  an 


The  method  of  averaging  depends  on  the  potential  function  chosen  to 
describe  how  the  molecule  is  allowed  to  spend  time  between  the  end  points  of 
its  oscillations.  For  example,  if  one  assumes  a  square  well  potential  then 
one  may  calculate  each  tensor  element  of  <oXyZ>  as  follows 


k'/2 


<3tyz(i..i».i'  =  J-u’/2  dV;-u'/2  da1  .  («) 

The  resultant  matrix  <oxvz>a'  may  then  be  diagonalized  to  obtain  three 
new  average  values,  on ,  u22  and  033  which  correspond  to  die  averaged  tensor. 
The  characteristic  line  shape  miy  then  he  calculated  with  the  equation^ 


+  00  Q 

I(  o ;  a  1 1 ,  o22.  ’33,  no)  =  ]  1  (a  -  t,;  on,  022.  033)f(S;  Aa)df, 

For  033  £  o  <  022 

I°( o; oj 1, 022. 033)  =  ^K(x )  (  0  j i~o)“0*  5( a22~033 )"0. 5 
x  =>  (o^  -  022 )  ( 0  ~  °33)/K°22  ~  °33)(ali  “  °)J 
For  o22  <  0  _<  on  (10) 

I°(  u ;  Oi  1 ,  o22 , 033 )  =  l[<(x )(  o-O33)_0*  5(  a  ^  j-O22)-0.  5 

x  =  (on  -  0)  ( o22  ~  033 )/  [  ( o  -  033X021  -  o22)j 
For  o  <  on,  and  o  >  03 3 

r<J(a;oii,u22,033)=n 

And 

,t/2  2  - 1 

K(x )  =  ;q  (  1-X  sin'f)  dV 

l  =  ( ,  Ao )  «  1/(1  +  ( 24/Ao ) 2) 

where  f  describes  the  Lorentzlan  line  broadening  of  the  chemical  shift  disper 
sion,  1°  and  the  carbon  chemical  shifts  increase  toward  lower  fields.  In  the 
earlier  communication,  we  reported  on  comparisons  of  various  line  shapes  gen¬ 
erated  on  this  basis  with  the  high  temperature  line  shape.  It  was  found  that 


the  most  probable  motional  model  suggested  that  the  phenylene  motion  takes 
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An  appropriate  orientation  of  the  molecular  motion  axis  frame  places  the 
x-axis  parallel  to  the  C1C4  axis  of  the  phenylene  group  so 


(4) 


cos>S  -slmS  0 

_R(  o)=  sln£>  cosiS  0 

0  0  1 

with  5=60°  for  the  labelled  carbon  of  Interest.  The  shielding  tensor  In  the 
molecular  motion  axis  system  aKy7  is  then  given  by 

Oxyz^KC  S)  -.o  123  *£( 0 )“  1 


Che  can  now  model  the  effect  on  the  shielding  of  different  motions  of  the 
phenylene  group  about  the  C3C4  axis.  For  instance,  rotating  the  molecule 
about  the  x-axls  by  angle  o'  Is  defined  by 

iixyz  (  u' )  =_R(  u ' )  •oxyz  •  R,(  u ' ) “  1 


where 


(6) 


For  rapid  flipping  of 
separated  by  an  angle 
Is  given  by 


1  0  0 

_R(u')=  0  cosu’  -sina* 

0  sinu'  cosa’ 
the  phenylene  group  between  two  angular  positions, 
a',  the  raotionally  averaged  shielding  tensor,  ffHp, 


** 


iif  li  P  (  ^  /  2)  (^xyz  "*■  icyzCu'))  •  (7) 

Another  possible  type  of  molecular  reorientation  that  we  may  consider  is 

rapid  phenylene  group  rotation  about  the  x-axis  through  all  angular  positions 
or  through  a  limited  angular  range.  We  can  model  this  type  of  motion  by 
averaging  over  _o  in  equation  6. 


<  3yz>u'=<K(u,)*£xyz*R(u')  1>u' 


(8) 
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-160°C  spectrum.  At  this  temperature  we  can  assume  that  the  molecular  re¬ 
orientation  occurs  at  a  rapid  rate,  where  rapid  means  the  correlation  time  is 

much  shorter  than  the  inverse  of  the  spectral  width  involved.  Thus  we  can 
calculate  line  shapes  very  simply  by  replacing  the  rigid  shielding  tensor  with 
a  tensor  averaged  over  the  geometry  of  the  motion  through  the  use  of  Euler 
transformation  matrices  and  the  appropriate  angular  weighting  functions  as 
outlined  by  Slotf  e  ldt -El  lingsen  and  Res  t  n  g  24  arid  Wemmer  et  al.--*»2& 

In  this  calculation  one  begins  with  the  shielding  tensor,  £.123 »  in  the 
principal  axis  system 

a  j  j  0  0 

£,123  =  0  °22  0  (1) 

0  0  033 

To  consider  the  effects  of  molecular  motion  the  shielding  tensor  is  trans¬ 
formed  to  the  axis  system  of  molecular  motion  by  use  of  an  Euler  transforma¬ 
tion  matrix  _R.  The  orientation  of  the  new  frame  with  respect  to  a  previous 
one  is  defined  by  a  set  of  Euler  angles,  l.’  =  u,  e,  Y .  If  a  positive  rotation 

is  to  be  applied  to  a  frame  (x,y,z)  about  the  Euler  angles  (u,  3,  Y ) ,  then 

R(apr)  =  Rz*i(  r)Ry  .(GlRjjfa)  (2) 

where  a  is  a  rotation  about  the  original  z  axis,  3  is  about  the  new  y  axis, 
and  Y  is  about  the  final  z  axis.  The  product  of  the  three  rotation  matrices 
leads  to 

cos ucos pcos r  sinucospcosY  -sin b cos » 

-sinosinj  +cosasin y 

R  (  uBr)  =  -cos ucos i>s in  y  -sin ucos psin y  sint-slny  (3) 

=  -sinucosY  +cos-jcos( 

cosusin sinustnp  cose 


benzene,  ^  is  oriented  with  the  uj  |  axis  parallel  to  the  C— 11  bond  and  the  u33 
axis  perpendicular  to  the  ring  plane.  The  o 22  axis  is  in  the  ring  plane, 
perpendicular  to  the  C-H  bond.  In  the  previous  communication,^  the  principal 
values  of  the  shielding  tensor  were  calculated  by  matching  theoretical  spectra 
generated  on  the  basis  of  the  Bloembergen-Rowland  equations^  ^ h  the  ex¬ 
perimental  spectra  at  -160°C.  A  reasonably  good  fit  between  calculated  and 
observed  spectra  is  found  by  using  ej|=17il,  u 22=52-t  1,  and  0^3=  175-t  1  ppm  on 
the  CS2  scale  and  a  Lorentzlan  line  broadening  of  320  Hz.  In  simulating  ojj, 
°22»  an<l  °33»  we  assunie  that  the  frequency  of  all  molecular  reorientations  is 
small  compared  to  ( 0 ^ x—  °3 3 )  aC  -lbO°C.  This  Is  a  good  assumption  as  even  at 
-140°C  and  -120°C  the  spectra  can  he  simulated  with  these  values;  and  thus  we 
have  met  the  "rigid  lattice"  condition.  These  principal  values  correspond  to 
an  Isotropic  chemical  shift  of  70^3  ppm,  which  compares  wll  with  the  observed 
chemical  shift  in  solution  of  72.5  ppm. 

With  the  onset  of  motion,  the  chemical  shift  tensor  v;lll  be  averaged 
depending  on  the  character  of  the  geometry  and  rate  of  reorientation.  If  the 
nucleus  under  examination  was  undergoing  fast,  random  reorientation  then  the 
chemical  shift  tensor  would  be  reduced  to  just  its  isotropic  value,  as  is 
evident  for  a  rapidly  tumbling  molecule  In  solution.  For  a  restricted  re¬ 
orientation  or  a  slowly  reorienting  molecule,  only  a  part  cf  the  chemical 
shift  dispersion  will  be  averaged  out  and  the  spectrum  will  change  accord¬ 
ingly.  Having  defined  the  principal  values  of  the  shielding  tensor  and 
possessing  knowledge  of  their  orientation  in  the  molecular  frame,  possible 

motions  for  the  phenylene  group  were  modeled  in  an  attempt  to  simulate  the 
highest  temperature  spectra  at  +J20°C.  The  line  shape  at  this  temperature  is 

narrower  and  closer  to  an  axially  symmetric  line  shape  when  compared  to  the 
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All  NMR  measu remen t s  were  made  with  a  Bruker  SXP  20-100  spectrometer. 
Temperature  control  was  maintained  to  within  t2K  with  a  Bruker  B-ST  100/700 

temperature  controller. 

RESULTS 

The  temperature  dependence  of  the  changing  CSA  line  shape  is  shown  in 
Figure  1. 

For  the  proton  spin-lattice  relaxation  data  at  90  MHz,  the  decay  of  the 
magnetization  at  all  temperatures  folLows  a  simple  exponential  dependence  with 
delay  time,  i.  The  spin-lattice  relaxation  time,  Tj,  is  easily  calculated 
from  a  linear  least  squares  analysis  of  In (A  -  A  )  vs.  t,  where  the  A's  are 

“  t 

signal  amplitudes  and  t  is  the  delay  time.  The  uncertainty  in  a  given  Tj 
value  is  -10%. 

The  proton  Tjp  data  is  characterized  from  a  linear  least  squares  analysis 
of  In  A  vs.  i,  where  A  Is  still  the  signal  amplitude  but  t  is  now  the  length 
of  the  locking  pulse.  The  deviations  from  simple  exponential  decay  are  small 
and  not  indicative  of  a  dispersion  of  relaxation  times  so  a  fit  of  the  whole 
curve  to  a  single  exponential  decay  is  employed.  Similar  behavior  was  pre¬ 
viously  reported  for  the  proton  Tj  decay  curves  of  the  chloral  polycarbonate. 
The  error  in  a  given  Tj^  value  is  -rib  %  and  both  T^  and  T  [p  data  are  summarized 
as  a  function  of  temperature  in  Figure  2. 

INTERPRETATION 

CSA  Tensor  Line  Shapes 

The  carbon-13  labelled  polycarbonate  allows  cne  to  study  the  chemical 
shift  anisotropy  line  shape  of  this  phenylene  carbon.  The  principal  axis 
system  for  the  chemical  shift  tensor  of  aromatic  carbons,  ns  reported  for 


EXPERIMENTAL 


The  polycarbonate  of  bisphenol-A,  single  site  carbon -13  enriched  (>90%) 
on  one  of  the  two  phenylene  carbons  ortho  to  the  carbonate  was  synthesized 
from  enriched  phenol  ( 2-carbon -1 i )  obtained  from  KOR  Isotopes,  Inc.  The 
methyl  deuterated  analogue  of  the  bisphenol-A  polycarbonate  was  obtained  from 
standard  synthetic  techniques. - *  The  methyl  groups  were  found  to  be  9  7% 
deuterated  as  determined  from  proton  and  deuterium  spectra  of  the  dissolved 
polyme  r . 

The  carbon  CSA  spectra  were  obtained  for  a  dried  powdered  sample  using 
cross  polarization  followed  by  high  power  proton  decoupling  at  a  carbon  fre¬ 
quency  of  22.636  MHz  and  a  proton  frequency  of  89.995  MHz.  Rotating  fields 
of  about  1.0  mT  for  protons  and  4.0  mT  for  carbon  were  used  with  a  contact 
time  of  3  ms.  Several  hundred  free  induction  decays  were  averaged  at  each 
temperature  before  Fourier  transformation  to  give  the  absorption  spectra. 

Line  shapes  recorded  without  cross  polarization  were  found  to  be  experi¬ 
mentally  indistinguishable.  To  obtain  a  standard  reference  for  the  line 
shapes  at  each  temperature,  the  first  moment  was  numerically  calculated  for 
each  spectrum  and  assigned  the  value  of  72.5  ppm  on  the  CS ;  scale,  which  is 
the  isotropic  shift  found  for  this  phenylene  carbon  in  solution. 

Proton  spin-lattice  relaxation  times  for  a  dried  powdered  samples  of 
BPA-d^  were  measured  at  the  Larmor  frequency  of  90  MHz.  The  n/2  pulse  width 
was  2  us;  and  a  standard  n-r-n/2  pulse  sequence  was  used  with  a  cycle  time 
greater  than  5  times  T^.  Proton  spin-lattice  relaxation  times  in  the  rotating 
frame  were  measured  at  a  radio  frequency  field  strength  of  1.0  mT  using  a 
standard  u/2-phase  shifted  locking  pulse  sequence. 


30-40°  about  the  same  axis.  In  this  report,  the  previous  CSA  line  shape 
analysis  for  a  sample  of  carbon-13  labelled  HPA,  where  9n0  of  one  of  the  two 
phenylene  carbons  ortho  to  the  carbonate  are  lsotoplcully  enriched,  is 
extended  over  the  temperature  range  of  -li>0°C  to  +  I1M)°C  in  an  .attempt  to 
characterize  the  rate  and  amplitude  of  the  phenylene  group  motion  as  a 
function  of  temperature. 

Oi  its  own,  such  a  study  suffers  from  the  limited  frequency  dependence 
of  the  changing  chemical  shift  anisotropy  dispersion.  To  circumvent  this 
problem,  proton  spin-lattice  relaxation  times,  T|'s,  at  the  farmer  frequency 
of  90  MHz  and  spfn-latLlce  relaxation  times  in  the  rotating  frame,  Tip's,  are 
measured  for  a  methyl  deuterated  analogue  of  BPA  (BPA-df,)  so  that  a  more 
thorough  analysis  of  the  time  scales  and  energetics  of  the  phenylene  motion 
may  be  obtained.  These  latter  studies  parallel  an  earlier  proton  analysis  of 
the  chloral  polycarbonate  l1'*  in  which  a  quantitative  in  te  rpre  ta  t  i  on  of  the 
phenylene  proton  relaxation  data  was  offered  based  on  a  homogeneous  correla¬ 
tion  function *6  for  motional  modulation  of  the  dl po le -di po le  interaction.  The 
greatest  lnterpretationa  l  success  was  obtained  by  using  a  fractional  exponen¬ 
tial  correlation  function  which  has  been  developed  on  the  basis  of  correlated 
state  excitations  In  condensed  matter  by  Ngat  1^- ^  and  empirically  by  Williams 
and  Watts. As  with  the  chloral  polycarbonate,  if  the  NMR  relaxation  data 
for  BPA-d(,  can  be  successfully  qualified  with  the  correlation  function,  then 
the  temperature  dependent  spectral  densities  obtained  from  Lhe  spin  relaxation 
studies  can  he  used  to  predict  the  temperature  and  frequency  of  the  dynamic 


mechanical  response. 


INTRODUCTION 


Over  the  past  few  decades  there  has  been  considerable  interest  In  using 
NMR  to  define  and  quantify  the  motional  processes  which  go  :.iir  In  bulk  polymers 
below  the  glass  transition  temperature ,  Tg.^>2  At  temperatures  greater  than 
t  ,  a  polymer  chain  may  undertake  a  wide  variety  of  motions;  however  below  T., 
many  of  these  become  modified,  in  particular  the  long-range  -notions.  Polymers 
frequently  reveal  secondary  transitions  which  are  thought  to  arise  from  spe¬ 
cific  types  of  local  motion  still  present  In  the  glass. 

One  group  of  polymers  in  particular,  the  polycarbonate  of  blsphenol-A 
(BPA)  and  Its  structurally  related  analogues,  has  received  much  attention. 

This  intense  interest  is  fueled  by  the  fact  that  BPA  exhit  ts  good  impact 
resistance  over  a  temperature  range  more  than  250°C  below  the  glass  transition 
temperature  (Tg  -  145°C).^  Dynamic  mechanical  and  dielectric  spectroscopy 
studies  at  1  Hz  reveal  that  BPA  has  an  especially  prominent  secondary  transi¬ 
tion  peak  at  approximately  -100°C.4-7  it  can  be  noted  that  nearly  all  glassy 
polymers  which  exhibit  high  impact  strength  have  prominent  secondary  transi¬ 
tions,  thus  arguing  for  some  relationship  between  the  bulk  mechanical  proper- 

O 

ties  and  the  extensive,  rapid  motion  in  the  glass. 

Recently  there  has  been  significant  structural  and  dynamical  Information 

developed  on  the  polycarbonates  from  NMR.^-^  In  particular,  the  geometry  of 
the  phenylene  group  reorientation  in  BPA  in  the  limit  of  rapid  motion  in  the 
bulk  below  Tg  has  been  characterized  through  the  use  of  deuterium,  ^  chemical 
shift  anisotropy  (CSA),^  and  dipolar  rotational  spin-echo  carbon-13  line 
shapes. ^  The  basic  conclusion  reached  by  all  Is  that  the  principal  motion 
of  the  phenylene  groups  may  be  characterized  as  tt  flips  about  the  axis 

in  combination  with  a  small  restricted  angular  oscillation  of  approximately 


ABSTRACT 


Carbon-13  chemical  shift  anisotropy  (CSA)  line  shapes  and  proton  relaxa¬ 
tion  data  are  used  to  establish  the  time,  scale  and  amplitudes  of  phenylene 
group  motions  in  glassy  polycarbon ito  as  a  function  ot  temperature .  The 
phenylene  group  undergoes  both  flips  and  restricted  rotation.  The  rate  of 
flips  and  the  amplitude  of  restricted  rotation  are  determined  from  simulating 
the  carbon-13  CSA  line  shapes.  Using  a  simple  exponential  correlation  func¬ 
tion,  an  activation  energy  of  ll±5kJ/moL  Is  found  for  the  r  flip  rate.  The 
root  mean  square  angular  amplitude  varies  linearly  with  temperature  to  the 
one-half  power.  The  n  flip  rate  Is  found  to  lie  on  the  same  line  on  a  relaxa 
tion  map  as  the  proton  relaxation  minima,  dielectric  loss  maxima  and  dynamic 
mechanical  loss  maxima.  Analysis  of  the  relaxation  map  gives  an  apparent 
activation  energy  of  48-5kJ/mol.  The  discrepancy  between  the  two  activation 
energies  arises  from  the  limited  frequency  range  and  simple  correlation  func¬ 
tion  employed  in  the  CSA  analysis.  A  Wi 1 liams-Watts-Ngai  fractional  exponen¬ 
tial  correlation  function  with  Arrhenius  parameters  set  from  the  relaxation 
map  can  account  for  the  breadth  and  position  of  the  proton  relaxation  minima 
and  the  dynamic  mechanical  loss  peak. 
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square  displacement  versus  the  square  root  of  temperature  which  provides  a 
summarization  of  the  temperature  dependence  of  the  osci  llutiun. 


Relaxation  Data 

The  limited  frequency  range  of  the  changing  CSA  dispersion  does  not  war¬ 
rant  a  more  complex  interpretation  of  the  time  dependence  the  phenylene 
group  motion  by  itself.  As  mentioned  in  the  Introduction,  nr o ton  spin-lattice 
relaxation  measurements  carried  out  in  boLh  the  Zeeman  frame  and  the  rotating 
frame  will  be  used  to  characterize  the  rate  dependence  of  the  phenylene  motion 
In  a  similar  manner  as  was  done  for  the  chloral  polyca rhona te .  ^  Both  Tj  and 
Tjp  can  be  quantitatively  simulated  as  a  function  of  temperature  with  a  given 
correlation  function  and  the  associated  spectral  density.  The  standard  Tj  and 
Tj_p  expressions  are  used  1  * 

1/TL  =  (2/3)v2.s[j1(«oh)  +  4J2(2u)H)] 


(  14) 


l/Tjp  =  (2/3)Y2S[1.5Je(2wa)  +  2.5Ji(wh)  +  J2(2U)H)] 
where  =*  Yn^rf  and  S  is  the  motionally  modulated  component  of  the  second 

moment.  The  applicability  of  these  equations  and  this  approach  has  been  pre¬ 
sented  for  chloral  polycarbonate  and  the  current  situation  is  quite  similar. 

Given  the  previous  success  of  the  fractional  exponential  correlation 
function  in  modeling  the  relaxation  behavior  of  the  chloral  polycarbonate,  it 
is  again  chosen  to  simulate  the  BPA-df,  data.  The  correlation  function  can  he 
expressed  in  the  Ngai  f orma 1 i sm  '  19 


1  — n 

o(t)  =  0)exp  f-(  t  /  Tp )  ]  (15) 

where  0<n<l  and 

1/(1 ~n  ) 

ip  =  [(  1  -n  )exp(n  Y  )F(.n  r0)  (16) 
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where  =  Xexp(EA^RT)»  c^e  rai-  croscopl  c  correlation  time,  Hc  the  bath  cutoff 

energy  and  y  =*  1  .  577  Euler's  constant.  The  parameters  and  E^  fix 

microscopic  dynamics  and  energetics  of  the  fundamental  process  in  the  absence 

of  correlated  state  coupling.  The  parameters  n  and  Ec  determine  the  width  of 

the  frequency  dispersion  and  the  renormalized  time  scale  due  to  medium 

effects.  For  n  *  0,  Tn  =  r*exp(E*/RT)  where  E*  is  the  apparent  activation 

A  A 

energy,  given  by  E*  =  E  /(1-n)  and  the  apparent  preexponeo t la  1  is  given  by 
A  A 

n  1  /  (  1  -n  ) 

t  =  [ ( 1-n )exp(n r )E  r  ] 

CO  £  JO 

The  actual  parameters  varied  to  fit  experimental  data  are  E* ,  T*  and  n. 

A  °° 

In  order  to  get  a  handle  on  the  values  of  E*  and  t*  tor  the  BPA-d^  relaxation 

A  00 

data,  a  relaxation  map,  log  vc  vs.  T~^,  was  constructed.  I'he  temperature 
positions  of  T|  and  Tip  minima  each  can  be  assigned  an  appropriate  correlation 
frequency  as  outlined  by  McCall.1  fhe  can  also  associate  a  correlation  fre¬ 
quency  with  the  CSA  line  shape  col ’apse.  The  average  frequency  difference 
between  the  two  sites  corresponding  to  the  two  positions  of  the  phenylene 
group  is  ov  =  700  Hz  where  the  average  Is  over  all  orler. tations .  The  cor¬ 
relation  frequency  in  Hertz  that  corresponds  to  the  collapse  of  this  can  be 
estimated^  from  vc  =  6 v  and  the  associated  temperature  can  be  obtained 
from  the  plot  of  it  flip  rate  versus  inverse  temperature  in  Figure  4.  Further¬ 
more,  one  can  also  justify  adding  frequency  points  corresponding  to  the  tem¬ 
peratures  of  the  maxima  in  dynamic  mechanical^  and  dielectric  re  taxation  26-28 
data  as  found  in  the  literature.  First,  the  previous  work  with  the  chloral 
polycarbonate  Indicated  a  good  correlation  between  the  dynamic  mechanical 
loss  peak  at  low  temperature  and  the  phenylene  proton  NMR  data.  Second,  it 


has  long  been  argued  that  an  apparent  coupling  or  coopera t 1 vl ty  exists  between 

phenylene  group  motion  and  motion  Involving  the  carbonate  r.s  evidenced  by  both 

dilute  solution^  and  solid  state  expert  men  ts .  5-  7  \  plot  of  the  log  vc  vs. 

T“  1  containing  the  various  experimental  results  is  presented  in  Figure  6.  A 

linear  least  squares  analysis  of  this  data  allows  for  a  determination  of  E* 

A 

=  48  kJ/mol  from  the  slope  and  r*  =  1.06  x  10_^s  from  the  intercept. 

00 

The  and  T|  data  can  then  he  simulated  by  simply  varying  n  and  S, 

given  the  E*  and  i*  from  the  relaxation  map.  The  best  fit  as  shown  in  Fig. 

A  “ 

2  was  obtained  with  n  =  .82  and  S  =  1.8  x  10~2  mT^.  These  values  of  the  model 
parameters  are  physically  reasonable.  The  activation  energy  of  the  fundamen¬ 
tal  process,  E  ,  (obtained  from  the  Ngai  formalism  in  the  absence  of  correlated 
A 

state  coupling)  which  has  been  identified  as  it  flips  of  the  phenylene  rings, 
is  8.6  kJ/mol;  and  can  be  compared  to  the  dilute  solution  value  of  13  kJ/mol 
for  phenylene  rotation  obtained  in  an  earlier  solution  study. 31  The  solution 
activation  energy  should  be  slightly  higher  than  EA  since  even  in  a  10  wtZ 
solution  the  surroundings  will  affect  the  fundamental  process.  The  magnitude 
of  n  indicates  that  in  the  bulk  glass  the  phenylene  motion  is  strongly 
affected  by  the  medium.  The  apparent  activation  energy  in  the  glass  is 
substantially  higher,  48  kJ/mol.  The  value  of  S,  the  proton  second  moment, 
used  in  equation  14  should  correspond  to  the  motlonally  modulated  component 
of  the  second  moment.  This  motionaily  modulated  dipole-dipole  interaction 
corresponds  to  part  of  the  In te rmo lecu la r  di po le -di pole  contributions  since 
the  predominant  motion  causing  modulation  is  phenylene  ring  .notion  about  the 
CjCA  axis  which  does  not  reorient  the  largest  intramolecular  di pole -di pole 
interaction.  The  second  moment  is  not  given  an  explicit  .emperature  depen- 
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deace  except  through  the  spectral  density  as  indicated  by  equation  (14).  A 
detailed  proton  line  shape  has  not  been  carried  out  here  but  preliminary  re¬ 
sults  indicate  the  second  moment  behavior  parallels  the  earlier  chloral  poly¬ 
carbonate  study.  The  amount  of  motions lly  modulated  second  moment  employed 
here  is  consistent  with  the  experimental  value  of  l.  5-0.4  >:  10-2  m-p2  observed 
at  the  highest  temperature  of  that  study. 

To  further  probe  the  success  of  this  molecular  modeling,  the  position  and 
shape  of  the  dynamic  mechanical  loss  peak  located  at  about  -  100°C  at  l  Hz,  the 
gamma  peak  as  measured  by  Yee,^  was  analyzed.  The  mechanical  loss  &y(w)1oss, 
is  given  by  the  following  equation 

2  00 

r_  <or(0)  >  j  sin  ( cot  )<}>'(  t )  d  t  (17) 

y  "  k^T  '  o 

where  <f>'(t)  is  the  derivative  of  the  correlation  function.  One  sees  in  Figure 

7  that  much  of  the  shape  and  temperature  dependence  is  well  simulated  without 

further  parameter  adjustment  of  E*,  t*  ,  or  n .  The  magnitude  of  the  calcu- 

A  00 

lated  loss  peak  is  controlled  by  <uy(o)>  which  is  adjusted  to  match  the  data. 
DISCUSSION 

Carbon- 13  chemical  shift  anisotropy  line  shape  analysis  serves  to  defin¬ 
itively  characterize  the  geometry  of  pheuylene  group  motion  as  a  combination 
of  flips  and  restricted  rotation.  The  n  flip  rate  Is  found  to  lie  on  a  re¬ 
laxation  map  containing  proton  Tj  and  T minima,  dielectric  loss  maxima  and 
dynamic  mechanical  loss  maxima.  This  combination  of  such  a  broad  sampling  of 
frequency  results  in  a  more  accurate  time  scale  and  activation  energy  analy¬ 
sis.  A  single  exponential  correlation  function,  as  was  used  in  the  simple  two 
site  jump  model  for  the  temperature  dependence  of  the  CSA  line  shapes,  is  in- 


adequate  for  the  simulation  of  the  T[,  T j  and  dynamic  mechanical  loss  data. 
It  follows  that  the  activation  energy  from  a  single  correlation  time  analysts 
may  be  in  serious  error. 

This  phenomenological  link  in  time  between  the  various  relaxation  experl 
ments  can  be  quantitatively  summarized  in  terms  of  a  fractional  exponential 
correlation  function.  This  function  reasonably  approximates  the  shape  and 
position  of  the  T i  and  Tjp  minima  versus  temperatures  as  well  as  the  tempera¬ 
ture  position  and  breadth  of  the  dynamic  mechanical  loss  peak.  Such  a  connec 
tion  between  the  relaxation  experiments  argue  for  a  common  underlying  dynamic 
process  which  produces  NMR,  dielectric  and  mechanical  relaxation. 

There  are,  however,  some  questions  raised  by  this  conclusion.  Jumps  of 
the  phenylene  group  between  symmetric  minima  are  unlikely  to  produce  a  large 
mechanical  loss  16  ang  certainly  will  not  produce  a  dielectric  loss.  A  recent 
proposal^  SUggests  that  the  common  motion  leading  to  the  several  relaxation 
effects  is  a  correlated  interchange^  of  carbonate  group  conformations.  A 
cis-trans  carbonate  conformation  is  interchanged  with  a  trans-trans  carbonate 
conformation  by  rotations  about  backbone  CO  bonds.  This  motion  reorients 
carbonate  groups  which  could  lead  to  dielectric  and  shear  loss.  The  BPA  unit 
between  the  two  carbonates  interchanging  conformations  is  translated  but  not 
significantly  reoriented.  The  n  flips  are  tied  to  this  correlated  backbone 
motion  by  Intramolecular  and  intermolecular  interactions  which  places  the  it 
flips  on  a  relaxation  map  in  common  with  dielectric  and  dynamic  mechanical 
loss  peaks.  While  this  proposed  motion  cannot  be  completely  verified;  it  is 
however,  consistent  with  the  observed  relaxation  phenomena. 
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The  fractional  exponential  used  to  summarize  the  relaxation  phenomena  is 
cast  in  the  Ngai  form  and  yields  realistic  values  for  the  apparent  activated 

energy  E*  and  the  microscopic  activation  energy  EA.  This  aspect  assumes  the 
A 

fractional  exponential  correlation  function  Is  homogeneous  though  this  is  not 
required  to  simulate  the  relaxation  minima  and  loss  maxima.  Dilute  solution 
studies  yield  comparable  values  of  EA  for  both  phenylene  group  rotation  and 
correlated  segmental  motion  which  also  appear  to  be  linked  in  the  dissolved 
polymer. ^  Comparably  low  values  for  rotational  barriers  in  BPA  polycarbonate 
have  been  noted  in  theoretical  calculations . ^4—3 5  These  generally  low 
barriers  may  be  the  key  to  the  presence  of  such  extensive  dynamic  freedom  in 
the  glass  as  has  been  proposed  by  Tonelli^  though  only  solid  state  NMR  line 
shape  data  has  provided  the  basis  to  discriminate  between  various  possible 
motions.  Since  virtually  all  intramolecular  rotational  barriers  are  low  in 
polycarbonate  and  yet  only  certain  reorientations  are  observed,  intermolecular 
interactions  must  determine  the  nature  of  the  motion  in  the  glass.  It  Is 
known  that  the  BPA  unit  does  not  reorient  except  for  ir  flips  and  restricted 
oscillation  and  this  can  be  attributed  to  the  difficulty  of  rotating  such  a 
large  group  in  the  glass.  The  proposed  conformational  interchange  does  not 
reorient  the  BPA  unit  though  the  smalLer  carbonate  unit  is  reoriented.  Again 
a  conformational  Interchange  is  proposed  so  Long  range  chain  end  rotation  or 
translation  is  not  required.  A  carbon- 13  CSA  line  shape  study  has  also  been 
carried  out  on  the  carbonate  unit. Little  line  shape  change  is  noted  here 
which  is  difficult  to  reconcile  with  the  presence  of  a  large  dielectric  loss 
peak.  However,  the  proposed  conformational  interchange  Involves  a  polycarbon¬ 
ate  chain  where  most  units  are  trans-truns  and  a  smaller  number  of  units  are 
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cis-trans .  Thus  the  carbonate  unit  would  predominantly  reflect  the  trans- 
trans  CSA  tensor  and  orientation.  However,  the  conf orraattcnal  interchange 

leads  to  diffusion  of  the  cis-trans  conformation  so  all  units  can  undergo  re¬ 
orientation  though  the  time  scale  is  complex. 

The  temperature  dependence  of  the  oscillation  of  the  phenylene  group 
about  the  CjQ,  axis  is  also  interesting.  The  rras  amplitude  is  apparently 
linear  versus  temperature  to  the  one-half  power  which  Is  to  be  expected  for  a 
harmonic  potential.  However,  the  amplitude  also  ought  to  go  to  zero  at  a 
temperature  of  absolute  zero  for  a  harmonic  potential.  The  simulation  does 
not  yield  this  result  and  the  significance  of  the  behavior  shown  in  Figure  5 
will  be  the  subject  of  a  subsequent  paper. 
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FIGURE  CAPTIONS 


Figure  1:  Carbon- 13  CSA  line  shapes  at  several  temperatures. 

Figure  2:  Proton  spin-lattice  relaxation  times  and  proton  spin-lattice 

relaxation  times  in  the  rotating  frame  versus  inverse  temperature. 
The  solid  line  corresponds  to  a  fit  of  the  relaxation  data  with  a 
Wi 1 liams-Wat ts-Ngai  fractional  exponential  correlation  function. 

Figure  3:  The  lines  are  simulations  of  the  carbon- 13  CSA  linn  shapes  at 

several  temperatures  while  the  points  are  line  shape  data  taken 
from  Figure  1. 

Figure  4:  The  logarithm  of  the  flip  rate  versus  Inverse  temperature.  The 

flip  rate  is  determined  from  simulation  of  the  carbon-13  CSA  line 
shape . 

Figure  5:  Root  mean  square  amplitude  of  restricted  phenylene  group  rotation 
about  the  C  [C/t  axis  versus  temperature  to  the  one-half  power.  The 
rms  amplitude  is  determined  from  simulating  the  carbon-13  CSA  line 
shapes.  The  open  circles  are  determined  at  temperatures  where  the 
oscillation  is  the  primary  source  of  narrowing  and  x's  are  esti¬ 
mates  made  at  temperatures  where  the  flips  are  the  primary  source 
of  narrowing. 

Figure  6:  Log  frequency  versus  inverse  temperature  or  relaxation  map.  The 
highest  frequency  NMR  point  is  tile  90mllz  proton  Tj  minimum.  The 
next  highest  frequency  NMR  point  is  the  43kHz  T ;  minimum.  The  low¬ 
est  frequency  NMR  point  is  the  position  of  maximum  collapse  of  the 
carbon- 13  chemical  shift  anisotropy  line  shape.  The  open  circles 
are  maxima  of  dielectric  loss  curves  taken  at  different  frequen- 
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cies.  The  positions  of  all  points  have  an  uncertainty  of  the  order 
of  10  degrees  because  of  the  breadth  of  the  loss  peaks  and  relaxa¬ 
tion  ml  n  i  raa  . 

Figure  7:  Dynamic  mechanical  spectrum.  The  dashed  line  is  the  simulation 

employing  the  Wi 111 ams-Watts-Ngai  fractional  exponential  with  the 
parameters  set  from  the  relaxation  map. 
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